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ABSTRACT 
    Colibacillosis, caused by avian pathogenic Escherichia coli (APEC), is a multimillion 
dollar annual problem for the U.S. poultry industry. Recent recognition that APEC may 
be a food-borne source of E. coli causing human disease indicates that control of avian 
colibacillosis is highly desirable for reasons of both animal and human health. 
Unfortunately, control of this disease has been elusive. RNAseq technology offers a new 
avenue for comprehensive analysis of the transcriptome. The transcriptomic response of 
primary lymphoid tissues (bone marrow, thymus, and bursa) each displayed differential 
expression between different phenotype birds associated with days post-infection (dpi) 
under systemic APEC infection. Within bone marrow, thymus, and bursa, large numbers 
of significantly differentially expressed genes were identified in susceptible birds against 
resistant and non-challenged birds at 5 dpi and 5 dpi against 1 dpi susceptible birds. 
Moreover, innate immune response (phagosome, lysosome, toll like receptor) is the major 
response mechanism for host resistant to systemic APEC infection. However, the T and B 
lymphocytes differentiation and proliferation were significantly impaired in susceptible 
birds compared to resistant and non-challenged birds at 5 dpi. There were large 
differences in gene expression in bone marrow versus thymus and bursa across all 
combination time points in susceptible birds. However, differences of gene expression 
were not detectable in bone marrow versus thymus and bursa across all combination time 
points in resistant birds. Choice of the primary lymphoid tissues provide novel insight 
into the earliest developmental changes that occur in the immune system cells, as they are 
stimulated to commit to pathways of defense. Additionally, this study also offers an 
opportunity to access the T and B cells development in the separate primary lymphoid 
	   xi	  
organs. Bioinformatic analysis of differentially expressed genes from each tissue and 
treatment group, and integration of data across tissues, gave insight into the large subset 
(networks) of differentially regulated genes in functional genomics of host immune 
response to systemic APEC infection. This new knowledge can provide the essential 
preliminary information toward the control of colibacillosis by enhancing host resistance 
genetics in commercial stocks. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Avian pathogenic Escherichia coli (APEC) can result in large monetary loss, which is 
responsible for extra intestinal infections, septicemia, and mortality in broilers (Ron, 
2006; Johnson et al., 2007). In addition, APEC-induced colibacillosis causes lower 
production, economic loss, as well as food (meat and egg) contamination indicating that 
control of avian colibacillosis is highly desirable for reasons of both animal and human 
health (Barnes et al., 2008; Sandford et al. 2011). The preventage of colibacillosis usually 
relies on vaccine administration and environmental control. However, it is more efficient 
and permanent to apply genetic selection for endogenous resistance in livestock 
production. Discovery of the genetic principle for APEC infection and identification of 
candidate markers for its resistance are of great significance for genetic selection.  
    Genetic improvement was successfully used in Marek’s disease (Cole, 1968), which 
needs understand more information about host immune response mechanisms and disease 
resistance phenotype animals. With the accessable of fully sequenced chicken genome 
and annotation of genes, it is possible and practicable to select the APEC susceptibility or 
resistance phenotype birds through identification of causative genes and markers at the 
whole genomic or transcriptomic level.  
    Variation in gene expression of host tissues is very useful in studying and 
understanding the responses to infection (Ross et al., 2000; Alizadeh et al., 2000; Bahar 
et al., 2006). RNAseq technology offers the opportunity to evaluate thousands of genes 
simultaneously. The expression changes in the host transcriptome, especially between 
infection stages and different levels of pathology, can provide the foundation data of host 
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immunomodulation to protect against APEC diseases of both avian and human hosts. The 
goal of the research summarized in this dissertation was to gain greater understanding of 
chicken primary lymphoid tissues response to APEC. Transcriptomic response of bone 
marrow, thymus, and bursa was assessed by using RNAseq to identify host immune 
response mechanisms and elucidate the means of different phenotype birds against APEC 
infection. 
Organization of Dissertation 
    This dissertation consists six chapters with four manuscripts for publication. Chapter 1 
is the literature review that examines the avian pathogenic Escherichia coli and chicken 
immune systems. Chapter 2 is a manuscript published in BMC Genomics. Chapter 3 is a 
manuscript reviewed in BMC Immunology. Chapter 4 is manuscript published in PLOS 
ONE. Chapter 5 is manuscript reviewed in Developmental and Comparative Immunology. 
Figures and tables related to each manuscript appear at the end of each chapter. 
Reference sections are at the end of each chapter. References for manuscripts have been 
re-formatted from specific journal guidelines into a single format for consistency. 
Literature Review 
Avian pathogenic Escherichia coli (APEC) and colibacillosis 
   E. coli, a Gram-negative bacterium, can survive in aerobic and anaerobic environments. 
Many E. coli strains called commensal bacteria are beneficial to the host by excluding the 
colonization of harmful bacteria and suppressing excessive inflammation. However, 
certain strains, like avian pathogenic E. coli (APEC), have the ability to cause diverse 
diseases, either as a primary or as a secondary pathogen, by making different levels of 
internal organs lesions with different pathogenicity mechanisms (Barnes et al., 2008; La 
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Ragione and Woodward, 2002). APEC is an extra-intestinal pathogenic E. coli (ExPEC), 
which can cause many localized or systemic fatal infectious diseases, collectively known 
as colibacillosis (Barnes et al., 2008). Recently, many researchers have reported that 
APEC shares significant genetic structure with human ExPEC, indicating APEC has 
potential ability to cause human diseases, such as urinary tract infections, sepsis and 
neonatal meningitis (Johnson et al., 2007; Skyberg et al., 2006; Tivendale et al., 2010; 
Zhu et al., 2014; Ewers et al., 2007). 
   The host of APEC can be chickens (layers and broilers), turkeys, ducks and other avian 
species (Barnes et al., 2008; Sadeyen et al., 2014; Wang et al., 2010). APEC can spread 
into various internal organs: respiratory tract, lung, air sacs, heart, liver, spleen, ovary, 
and oviduct (Barnes et al., 2008).  
   The gross lesions associated with colibacillosis include septicemia, perihepatitis, 
airsacculitis, pericarditis, peritonitis, salpingitis, omphlitis, necrotic dermatitis, swollen 
head syndrome, panophthalmitis and bumble foot (Barnes et al., 2008).  Of those gross 
lesions, septicemia is the acute form characterized by polyserositis, hemorrhages and 
necrosis in mature and growing chicken and turkeys, while the pericarditis, airsacculitis, 
and perihepatitis are the subacute form with cloudy, thick yellow pericardial fluid 
appearing in the heart; cloudy, edematous, thickened and caseous deposition in airsac; 
thick fibrinous membranous covering on the liver, respectively (Barnes et al., 2008). 
Septicemia is observed in chickens of all ages, especially broilers, with depression, fever, 
and even high mortality, which can be associated with synovitis, osteomyelitis, and 
panophthalmia (Barnes et al., 2008; Dho-Moulin and Fairbrother, 1999). Airsacculitis, 
perihepatitis and pericarditis are caused by APEC as a secondary invader in cases of 
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infectious bronchitis (IB), Newcastle disease (ND) and mycoplasma infections (Barnes et 
al., 2008). Airsacculitis is initiated in respiratory tract in 2-12 weeks birds. And the birds 
with airsacculitis were associated with 20% mortality rate in 4-9 weeks (Dho-Moulin and 
Fairbrother, 1999). Salpingitis occurs in the oviduct, which becomes filled with yellow, 
cheesy exudate in laying hens, and can concurrently result in peritonitis that occurs in 
abdominal cavity of birds in laying hens and breeders through compromised oviduct wall 
(Barnes et al., 2008). The swollen head syndrome, a type of cellulitis, is observed in 
broilers and hatching chickens with gelatinous edema on the skin of the head and peri 
orbital tissues, fibrous exudates in the subcutaneous head tissues and in the lachrymal 
glands (Pattison et al. 1989, Nunoya et al. 1991), leading to 3%-4% mortality rate and 
2%-3% reduction rate of the egg production (Morley and Thomson, 1984; Gross, 1990; 
Van de Zande et al., 2001). The necrotic dermatitis known as cellulitis is a chronic 
inflammation of the subcutis on abdomen and thighs, resulting in carcass condemnation 
(Dho-Moulin and Fairbrother, 1999; Elfadil et al., 1996). Omphalitis occurrs in young 
chicks up to 3 weeks of age with the appearance of depression, loss of appetite, swollen 
abdomen, and diarrhea (Shah et al., 2004; Singh et al., 2011). Panophthalmitis is an acute 
inflammation of the eyeball with the appearance of swollen hypopyon and hyphema of 
eye, as well as fibrinoheterophilic exudates, even blindness (Paunovic et al., 2012). 
Bumble foot is a bacterial infection that results in inflammation on the feet of birds, with 
limps and large soft swelling symptoms on bottom of foot. 
   APEC is present in environmental and it has several infection routes. The infection 
route of transmission can be via the respiratory tract. Inhalation of contaminated dust is 
the main infection route of APEC starting from the upper respiratory tract (Pourbakhsh et 
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al., 1997). Then, the APEC can enter into the bloodstream through breakdown of the 
mucosal lining in the trachea. Finally, APEC can infect the region of lung and air sacs by 
air exchange with bloodstream. Moreover, the infection route can occur through ingestion 
of contaminated water, feed, and litter to invade the gut by horizontal transmission, when 
APEC can destroy the mucosal barrier (Dho-Moulin and Fairbrother, 1999). APEC can 
also enter the body through wounds and other breaks in the skin from scratches, as well 
as the cloacal route (Norton et al., 2000; Elfadil et al., 1996). Furthermore, the fecal 
contamination of eggs is a major infection route of APEC, which can make APEC invade 
host through the shell, or spread to the chickens during hatching by vertical transmission. 
Also, this infection route can result in high embryo mortality rates and yolk sac infection 
(Barnes et al., 2008). 
    APEC has different pathogenic mechanisms to escape the host’s immune system, 
which are largely unknown. APEC exhibits its infection by three steps: adhesion to the 
host, multiplication in the host’s tissues, and evasion of the host defense system (Dho-
Moulin, 1993). The combination of various virulence factors, therefore, is very important 
to APEC infection. Fimbriae are an essential adhesion factor to establish APEC infection. 
The type 1 (F1) fimbriae have adhesive capacity in the avian upper respiratory tract 
(Wooley et al., 1998) and aid the colonisation ability in the heterophils and macrophage 
in lungs (Marc et al., 1998). P fimbriae are involved in the deeper tissues infection 
(Pourbakhsh et al., 1997). And the pap operon that encodes the P fimbrae is detected in 
the pathogenic APEC O1 strain (Kariyawasam et al., 2006). Curli fimbriae encoded by 
the csg operon have the capacity to adhere to the extracellular matrix and serum proteins 
(Collinson et al., 1993). Moreover, the temperature sensitive haemagglutinin (tsh) 
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encoded by tsh gene is also a adhesion factor to infect the airsacs as a protease (Provence 
and Curtiss, 1994; Henderson et al., 1998; Otto et al., 1998). Another important virulence 
factor is serum resistance, like the product of traT and iss genes, the O-antigen 
lipopolysaccharides, the presence of a capsule (K1), and Col V colicin (Moll et al., 1980; 
Binns et al., 1979; Timmis et al., 1985). The iron acquisition system, like aerobactin, is 
also an important factor for APEC infection as the APEC strains prefer to survive and 
growth in a low iron environment (Dho and Lafont, 1984). 
   Diagnosis of colibacillosis has two parts: (1) basic part, the isolation and identification 
of E. coli from lesion; (2) further testing to distinguish APEC from commensal E. coli 
isolates through molecular diagnostics. Histopathology is a useful way to diagnose 
colibacillosis, like cheesy material in different tissues. Materials for isolation and 
identification can be from heart blood and infected tissues, such as airsacs, liver, spleen, 
bone marrow, bursa, thymus, and yolk. In addition, another isolation method can also be 
used: selective media like McConkey, eosin-methylene blue, and drigalki agar. 
Moreover, the biochemical reactions can also be conducted to further identify the isolated 
colonies: indol production, fermentation of glucose with gas production, presence of ß-
galactosidase, absence of hydrogen sulphite production and urease, and the inability to 
use citrate as a carbon source (Dho-Moulin and Fairbrother, 1999). ELISA, a very useful 
test, has been developed for detecting antibodies against the pathogenic serotypes of E. 
coli as well as the fimbrial antigen (Leitner et al., 1990; Bell et al., 2002) although it can 
only detect the homologous APEC strains. O-serotyping is a useful typing method in 
epidemiological assessment.  
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Chicken immune system in response to bacteria infection 
   The tissue components of chicken immune system are the primary lymphoid organs and 
secondary lymphoid organs. The primary lymphoid organs include bone marrow, bursa, 
and thymus, while the secondary lymphoid organs are spleen and mucosa-associated 
lymphoid tissues (MALT) that offset the lack of lymph nodes in chicken (Arai et al., 
1998).  
   Bone marrow contains pluripotent hematopoietic stem cells that can be divided into the 
lymphoid and myeloid lineages (Murphy, 2012). The lymphoid lineage can be further 
differentiated into the progenitor B and T cells, as well as the natural killer cells, whereas 
the myeloid lineages can further become macrophage, granulocytes, mast cells, and 
dendritic cells (Murphy, 2012; Kondo et al., 1997; Gabrilovich et al., 2012). All the 
above cells have important roles in the innate and adaptive immune responses. The bursa 
of Fabricius, the antibody reservoir of B cells, is the essential and unique lymphoid organ 
for humoral immunity in birds. It is a globular, sac-like structure that attaches to the 
bird’s cloaca. The primary function of bursa is to provide a unique microenvironment for 
B lymphocytes amplification, proliferation and differentiation (Thompson et al., 1987; 
Reynaud et al., 1987; Sayegh et al., 1999). The hymus has an important role in cellular 
mediated immunity. It consists of several lobes of ovoid lymphoid tissue in the neck of 
chicken and can provide an appropriate environment for T cell precursor development, 
differentiation, and maturation (Rose, 1979). 
    The chicken spleen has a round or oval structure and is involved in both the humoral 
and cellular immune response as it is the site of maturation of B and T cells (Smith and 
Hunt, 2004; Jeurissen, 1993). The mucosal associated lymphoid tissue (MALT) includes 
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eye-associated lymphoid tissue (harderian gland and in the conjunctiva of the lower 
eyelid), nasal-associated lymphoid tissue (NALT), bronchus-associated lymphoid tissue 
(BALT), genital-associated lymphoid tissue, and gut-associated lymphoid tissue (GALT) 
(oesophageal tosils, pyloric tonsils, Peyer’s, caecal tonsils (CT) and Meckel’s 
diverticulum), as well as the skin- and pineal-associated lymphoid tissues (Arai et al., 
1998).   
    Skin and the mucous membranes are the two primary barriers to protect the body 
against pathogen invasion as they have large numbers of lymphocytes and macrophages. 
The combined mucosal surfaces of the gut, respiratory, and reproductive tracts distribute 
the lymphocytes in lymphatic nodules, which have the ability to perform the immune 
response following exposure to antigens. NALT has large subsets of T cells (CD4+ and 
CD8+) and immunoglobulin (Ig)-containing cells (IgA, IgM, and IgG) (Ohshima and 
Hiramatsu, 2000). The mature BALT includes a layer of epithelial cells that store a large 
amount of lymphocytes in 6 weeks of age or older birds (Bienenstock and Befus, 1984; 
Fagerland and Arp, 1993). The BALT nodules have large B cell follicles and CD8+ T 
cells, as well as phagocytic cells (Fagerland and Arp, 1993). However, age and 
environmental stimuli can substantially affect the BALT development (Jeurissen et al., 
1994). Compared to other tissues, the GALT has much more immune cells (lymphocytes 
and immunoglobulin-containing cells), indicating GALT is an important immunological 
system. Also, the natural antibodies can be increased through the interaction of GALT 
and commensal bacteria (Haghighi et al., 2006).   
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   A variety of immune cells directly respond to pathogen entry in immune organs. These 
cells include B cells, T cells, macrophages, dendritic cells (DCs), natural killer (NK) 
cells, heterophils, eosinophils, and mast cells. 
There are many lymphocytes in the lymphoid tissues to exert the adaptive immune 
response. Generally, they can be divided into two types: T cells and B cells. T cells are 
involved in the cellular mediated immunity, while B cells participate in humoral 
immunity. To initiate B cell immune response, B cell antigen receptor (BCR) binds to 
specific antigens association with different kinds of kinases, which promote B cells 
proliferation and differentiation to effector B cells (plasma cells) that secrete high levels 
of antibodies to eliminate antigen invasion. The components of the BCR complex include 
the light chain tetramer and Igα/Igβ heterodimer (Kelly et al., 2004). Another mechanism 
for B cell immune response is that the APCs interact with the specific antigens 
association with the major histocompatibility class (MHC) II molecules on the B cell 
surface to activate the helper T cells through CD40 and CD40L (Mills and Cambier, 
2003). There are three stages for B cell development: (1). Hematopoiesis generates B cell 
precursors that are restricted to the B cell lineage and the V(D)J recombination is 
undergone during chicken embryonic development (Reynaud et al., 1991; Dieterlen-
Lievre and Martin, 1981; Benatar et al., 1991). (2). B lineage cells continue to undergo 
the V(D)J recombination to generate surface immunoglobulin (Ig) in the bursa, which 
results in productive or non-productive Ig rearrangement. About 95% of B cells are 
negatively selected and die as they fail to express the surface Ig (Lassila, 1989; 
Paramithiotis and Ratcliffe, 1994). (3). Only a small fraction of mature B cells migrate to 
peripheral tissues (Lassila, 1989; Paramithiotis and Ratcliffe, 1994). 
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    T cells have two subsets characterized by different T cell antigen receptors (TCR): αβ 
TCR T cells (CD4+ and CD8+ T cells) and γδ TCR T cells. For the T cell immune 
response, TCR can interact with the antigen in association with the CD3 complex, CD4, 
and MHC class II, which will facilitate the CD4+ T cells becoming effector T cells that 
can directly remove the antigen (Davidson and Boyd, 1992). Also, TCR complex with the 
antigens, CD4, and MHC class I can promote the CD8+ cells into cytotoxic of the antigen 
eliminating the pathogen (Davidson and Boyd, 1992). Moreover, the γδ T cells, innate-
like cells, can release a variety of cytokines that can directly respond to pathogen 
invasion (Haas et al., 1993). The αβ TCR T cells recognized by the TCR2 monoclonal 
antibody (mAb) express the Vβ1 variable domain (Coltey et al., 1989). Moreover, the αβ 
TCR T cells recognized by the TCR3 mAb express the Vβ2 variable domain (Coltey et 
al., 1987). The γδ TCR T cells can be recognized by the TCR1 mAb (Sowder et al., 
1988). There are a series of distinct stages for T cells developing in the thymus. The TCR 
and CD3 molecule are expressed during embryonic development as T cell double 
negative selection (TCR+CD3+CD4-CD8-). Then, the T cell is involved in the double 
positive selection as TCR+CD3+CD4+CD8+, which can be migrate to the periphery to 
further develop or keep undergoing single-positive T cell selection in the thymus to 
generate mature CD4+ T cells or CD8+ T cells (Erf et al., 1998; Davidson and Boyd, 
1992; Chen et al., 1988). The mature CD4+ T cells and CD8+ T cells in the thymus can 
also migrate and populate the periphery. More than 50% CD4+CD8+ T cells expressed 
αβ TCR, while less than 10% CD4+CD8+ T cells express on the γδ TCR (Davidson and 
Boyd, 1992; Erf et al., 1998). The double negative T cell selection for γδ TCR can also 
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occur in blood, but the most of γδ TCR with CD8 marker are detected in the periphery 
(Erf et al., 1998). 
   Macrophages and dendritic cells are two major antigen-presenting cells (APC) in 
immune responses and they are also important effectors and regulators of immunity (Wu 
and Kaiser, 2011; He et al., 2011). In the incubation (embryonic) phase, the yolk sac can 
produce the first generation of macrophages. Then, the bone marrow is the source to 
generate all macrophages, which will migrate to immune tissues (spleen, thymus, bursa, 
liver, airsac, lungs, abdominal cavity, gut, oviduct) and peripheral blood as monocytes 
later. Macrophages have a relative long life-span. The function of macrophages includes 
phagocytosis of foreign particles, secretion of enzymes and oxidative metabolites, 
cytokine production, APC, and opsonization (Qureshi et al., 2000; Klasing, 1998; 
Qureshi, 1998). Phagocytosis is the basic function of macrophage and this process can 
opsonize, agglutinate, precipitate, neutralize the microbes, antigens, and even the injured 
or dying self-cells. Macrophages can generate oxygen radicals, experiencing the 
respiratory burst, which is similar to heterophils. Macrophages can produce a variety of 
cytokines that are involved in the pro-inflammatory response like IL1, IL6, and TNF-α 
(Bombara and Taylor, 1991). Also, macrophages have an important role in activating T 
cell immune response as APC. Receptors Fc and C3b can be expressed on macrophages 
to help macrophages digest opsonized particles (Duncan and McArthur, 1978; Dietert, 
1991). Macrophages can also communicate with other immune systems or cells to affect 
the growth, reproduction, and well-being of poultry (Klasing, 1998). 
   Dendritic cells (DCs) are another kind of efficient APCs, which play a vital role in both 
innate and adaptive immune response. Environmental stimuli and pathogens can have a 
	   12	  
large affect on the DCs functions and maturation (Granucci et al., 1999; Luo et al., 2014; 
Tan and O’Neill, 2005). DCs have been detected in many tissues like skin, lung, bone 
marrow, spleen, bursa, thymus, and gut. It is rare to detect the phagocytosis process in 
DCs. However, many surface receptors including C3, IgG, IgM, MHC II, and 
costimulatory molecules can be expressed on DCs for complement, antibodies and T cell 
activation in the chicken (Del Cacho et al., 2008; Wu et al., 2010). Mature DCs bound by 
TLR ligand have the ability to make the naive T cell become effector T cells (T helper 1 
and 2) (Wu et al., 2010; Liang et al., 2013).   
   NK cells, a third lymphoid lineage and thymus-independent, have many similar 
characters with cytotoxic T cells against a wide variety pathogens by using a serine 
protease and a pore-forming protein (Bucy et al., 1989; Yoder and Litman, 2011). They 
play a key role in host primary defense and the homeostasis of normal tissues as part of 
the innate immune system (Vivier et al., 2008). The common leukocyte antigen CD45 
and Fc receptor-like Ig-binding activity can be expressed on the chicken NK cells (Gobel 
et al., 1994). In mammals, NK cells can interact with dendritic cells (DC) or produce 
many cytokines to further influence the adaptive immune response (Cooper et al., 2004; 
Moretta, 2002). Moreover, NK cells can help to induce the CD8+ T cell immune 
response (Nandakumar et al., 2008). In chicken, NK cells can be detected in many 
tissues: peripheral blood, spleen, caecal tonsils, bursa, thymus and intestinal epithelial 
lymphocytes (Lillehoj and Chai, 1988; Gomez et al., 1998). IL2 and IL15 are two major 
NK cell growth factors in chicken (Sundick and Gill Dixon, 1997; Staeheli et al., 2001). 
The IFNγ can increase the activity of NK cells in vitro whereas the IFNα can decrease the 
NK cells activity (Jarosinski et al., 2001; Merlino and Marsh, 2002). 
	   13	  
   Heterophils, an integral part of the avian innate defense, can actively respond to 
invading microbial pathogens or to cytokines and chemokines (Kogut et al., 2001, 2005). 
The life of heterophil is a few hours to days. Heterophils have many enzymes such as 
peroxidases, proteases, and hydrolases to destroy the pathogens. This type of cell can be 
found in spleen, bone marrow, gut, respiratory tract and reproductive tract. The functions 
of heterophils include phagocytosis, degranulation, and oxidative burst, which often 
occur simultaneously. The heterophil is a kind of phagocytic cell that can engage in the 
phagocytics process to kill invading pathogens. Degranulation is a cellular process in 
which heterophils release the enzyme granule or antimicrobial proteins to interact with 
the pathogens. The oxidative burst, also known as respiratory burst, is a way that 
heterophils produce OCl-, hydroxyl radicals (OH·), and singlet oxygen to eliminate the 
invasion pathogens (Tizard, 1987). A variety of pattern recognition receptors (PRR) such 
as TLR can regulate the activation of heterophils. There is little information about avian 
eosinophils, and their response may be species-specific (Maxwell, 1987).  
   Mast cells have a key role in innate and adaptive immune response as initiators and 
effectors (Kalesnikoff and Galli, 2008; Hofmann and Abraham, 2009). They are 
extensively distributed in body like skin, bursa, thymus, spleen, lung, liver, glandular 
stomach, intestine, brain, kidney, blood vessels, and nerves (Vliagoftis and Befus, 2005; 
Fang et al., 2010; Wang et al., 2008). During pathogen infection, mast cells can locally 
and systemically produce tryptase, histamine, and other cytokines to facilitate the 
inflammatory responses and humoral immune responses (Marshall, 2004; Galli et al., 
2005). For example, TNF-α that is released by mast cells can participate in a variety of 
cellular responses, cell death, survival, differentiation, proliferation, and migration, as 
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well as the mobilization of DCs (Bradley, 2008; McLachlan et al., 2008; Suto et al., 
2006; Shelburne et al., 2009). Moreover, TLR can promote mast cell activation, which 
will then stimulate the recruitment of CD8+ T cells during pathogen invasion (Orinska et 
al., 2005).  
   Besides the immune cells, many molecules (proteins expressed on the immune cells or 
released by the immune cells) also perform an important role in chicken immune 
response. These molecules include Igs, cytokines and chemokines, TLR, MHC, β-
defensins, cluster of differentiation (CD) antigens, and proteins involved in the 
complement systems.   
    The Chicken only has three isotypes of Igs, IgM, IgA, and IgG (IgY), of which IgM is 
the first synthesized and main class of Igs expressed on the B cell surface; IgA is often 
detected in serum, bile, mucosal surface, saliva, and tear; and IgG is mainly in serum and 
egg yolk as secondary antibody (Leslie and Martin, 1973; Ratcliffe, 1997). The function 
of IgM is to bind and active the complement system. IgY can bind to phagocytic cells and 
promote complement activation to remove the pathogens invasion. IgA participates in 
mucosal immunity, neutralization virus, and microbial toxins. Ig has two chains, light 
chain and heavy chain. For the light chain, the structure includes one functional V region 
genes (VL), one functional J region gene (JL), the constant region gene (C), and the 
upstream family of pseudogenes ψVL (Thompson and Neiman, 1987; Reynaud et al., 
1987). The structure of heavy chain has one functional V region gene (VH), 15 functional 
D region genes (DH), one functional J region gene (JH), the constant region gene (C), 
and the upstream family of pseudogenes ψVH (Reynaud et al., 1989; Reynaud et al., 
1991). The pseudogenes ψV are about 25bp upstream of V gene segment, which can be 
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introduced into rearranged V genes through gene conversion (Reynaud et al., 1987). The 
rearrangements of VHDHJH and VLJL are conducted simultaneously and not 
sequentially. The Chicken has a single Ig light chain locus that includes unique CL, VL, 
and JL gene segments, while the chicken IgH locus contains three constant region genes, 
µ, γ and α, generating IgM, IgG, and IgA. The recombinase complex that is released by 
RAG-1 and RAG-2 can recognize the recombination signal sequences to undergo gene 
segment recombination (Reynaud et al., 1992). Moreover, the enzyme activation-induced 
cytidine deaminase (AID) is essential for gene conversion (Arakawa et al., 2002). And, 
the gene conversion has an allelic exclusion character. 
    Cytokines, chemokines, and their receptors play key roles in eliciting and regulating 
the local and systemic inflammatory responses, cell growth and differentiation as 
extracellular signals. Macrophages, monocytes, and T cells can secrete the cytokines. The 
pro-inflammatory cytokines that destroy pathogens include IL1β, IL6, tumor necrosis 
factor α (TNFα), IFNα, IFN-γ, IL15, IL17, IL18 (Weining et al., 1998; Schneider et al., 
2001; Hong et al., 2006). The anti-inflammatory cytokines that prevent excessive 
inflammation are restricted to transforming growth factor β4 (TGF β4) and IL10 
(Jakowlew et al., 1988; Rothwell et al., 2004). Macrophages can release IL1, IL6, IL12, 
IL18, and TNFα. Moreover, T helper 1 cells can produce IL2 and IFN-γ, while T helper 2 
cells can secret IL4, IL5, IL9, IL10, and IL13 (Hong et al., 2006; Degen et al., 2005). 
Collectively, cytokines are involved in the activation of T cells, B cells, NK cells, and 
macrophages, or inhibition of Th1 cells, Th2 cells, and macrophage. 
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    Toll-like receptors (TLR) are membrane or intracellular proteins present on a variety of 
cells of the immune system, such as B cells, T cells, macrophages, and dendritic cells. 
TLRs are key players in the prevention of microbial infection for host immune system.  
They perform a very important role by recognizing pathogen-associated molecular 
patterns (PAMPs) and sending an NF-kB signal to evoke the inflammatory response for 
both innate and adaptive immune defense (Werling and Jungi, 2003; Akira et al., 2001).  
    Much is known about the structures and functions of the TLR genes. The chicken TLR 
family is composed of ten genes: TLR1-1, 1-2, 2-1, 2-2, 3, 4, 5, 7, 15, and 21. Temperley 
et al. (2008) used the phylogenetic method to obtain these results: (1). Six chicken TLR 
genes are ortholog to mammals; (2). The chicken only shares one TLR gene with fish; (3). 
There are three unique TLR genes to birds. Recently, researchers discovered expression 
changes in TLR genes through the study of bacterial diseases. In one study, the 
peptidoglycans and lipoproteins from Gram-positive bacteria were shown to be 
recognized by TLR2 (Higuchi et al., 2008). However, TLR2 alone can not activate NFκB 
(Higuchi et al., 2008). In addition, TLR2 has been found to be up-regulated in the spleen 
of APEC challenged birds (Sandford et al., 2011). The lipopolysaccharide (LPS) of 
Gram-negative bacteria can be recognized by TLR4 whose expression can mediate the 
production of inflammatory cytokines, such as IL1β, IL2, IL6, IL8, and TNFα (Hawkins, 
2004; Karnati et al., 2015). As for TLR5, it reacts with flagellin of E. coli. An addition, 
TLR5 has been detected as expressed in the bursa of chickens under normal conditions 
(Iqbal et al., 2005). In the chicken genome, TLR8 and TLR9 were identified, but TLR8 is 
a pseudogene (Temperley et al., 2008). Moreover, TLR15 is unique to avian species and 
is structurally distinct from other TLRs. The TLR15 gene, identified on chicken 
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chromosome 3, not only has an unusual arrangement of the extracellular leucine-rich 
region mainly involved in the recognition of special microorganism patterns, but also 
transmembrane domains (Temperley et al., 2008). Currently, the functional properties of 
TLR15 have not been extensively studied. However, Higgs et al. (2006) detected that 
TLR15 was highly expressed in bone marrow and the bursa of Fabricus in chicken 
suggesting a role in host defense. TLR21, a homologue to mammalian TLR9, was 
detected as expressed in many chicken tissues and it can recognize the CpG 
oligodeoxynucleotides (Brownlie et al., 2009). Moreover, TLR15 and TLR21 can 
associate with TLR2 to respond to bacterium (Roach et al., 2005). 
   When the host is attacked by pathogens, TLRs will interact with the microbes to 
produce a downstream signal and activate innate systems. These activities induce the 
complement pathway, phagocytosis of microbes, and a cluster of cytokines and 
chemokines to react to the infection. At the same time, TLRs, a bridge of innate and 
adaptive immune response, can cause the maturation of dendritic cells (DCs), which 
transmits signals through recruiting adaptor proteins to activate various transcription 
factors and stimulate naive T cells to drive a specific immune response. Different 
adaptors participate in the downstream signaling activity that can initiate nuclear factor-
κB (NF- κB), interferon-regulatory factors (IRFs) and other general transcription factors 
(Barton, 2009). The TLRs, as co-stimulatory molecules for antigen-specific T-cell 
development and immune responses, can be expressed on different subsets of T cells to 
induce signal enhancing effector T cell proliferation, survival and cytokine production. 
Also, in order to maintain host homeostasis and regulate the adaptive immunity, TLRs 
can participate in regulatory T cell-mediated immune suppression and the induction of 
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different subtypes of effector T cell, especially the interleukin (IL)-17 cell (Pasare, 2003). 
Only TLR2, 3, 4, and 21 are expressed on CD4+ T cells in chickens (Kulkarni, 2011). A 
few inactive CD3+ T cells can express TLR1, TLR2 or TLR4 on the cell surface (Babu, 
2006). 
   Chicken MHC, B complex, is compact with a couple of genes to associate with immune 
response, disease resistance, and production traits in chromosome 16 (Miller et al., 2004; 
Delany et al., 2009; ). Compared to mammal MHC, chicken MHC, known as essential 
minimal MHC, is small, simple, rearranged, and high G+C. Chicken MHC has B locus 
and Y (RfpY) locus, which are genetically unlinked. , B locus, known as a serological 
blood group locus, includes B-F/B-L, B-G, and B-L regions. B-F/B-L has 19 genes, BF1, 
BF2, BLB1, BLB2, B-BTN1, B-BTN2, Leu-tRNA, BG1, NKr, Lectin, Tapasin, RING3, 
DMA, DMB1, DMB2, TAP1, TAP2, C4, and BH3) (Shina et al., 2006). In 2007, Shiina 
et al. reported the 92kb B complex extended to 242kb, including fourty-six genes. And 
these genes are highly related to disease resistance. Chicken B locus have class I (BF) 
and class II𝛽 (B/L𝛽) genes. Most striking of B-F/B-L region is the presence of B-G, NK 
receptor, and C-type lectin genes. The B-G gene is unique to chicken, while the NK 
receptor and C-type lectin genes indicate the MHC important immune responsiveness 
role in certain NK cells and complement pathway, respectively. The recombinant MHC 
haplotype was only observed between BF2 and BLB2. Moreover, high allelic 
polymorphism was restricted to TAP1, TAP2, and tapasin. 
    The basic function of MHC is to distinguish self from non-self, allowing T and B cells 
immune response to remove foreign pathogens. Class I and class II MHC bind to CD8+ 
and CD4+ T cells, respectively, to help T cells exerting immune function. Class I MHC is 
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commonly expression on nucleated cells while class II MHC is restricted to B cells, 
macrophages, and dendritic cells. Many studies have been reported the association of 
MHC and disease resistance, like Marek’s disease (MD) (Bacon, 1987; Lamont, 1989 
and 1991). Also, MHC has strong relationship with genetic variation in production traits, 
like body weight, egg production, hatchability, embryonic mortality, which will be great 
helpful for long-term selection for those traits (Bacon, 1987; Dietert et al., 1991; Sander, 
1993). 
   Chicken β-defensins, known as gallinacins, function to inhibit DNA, RNA, and protein 
synthesis to fight against bacterial infections in the innate immune response (Sugiarto, 
2004; Hasenstein, 2007). Chicken β-defensins can bridge between the innate and adaptive 
immune response (Menendez and Finlay, 2007). To date, 14 chicken β-defensins were 
identified in different tissues (Ganz, 2003; Higgs et al., 2005). The β-defensins 
gallinacin1 to 7 were detected as expressed in bone marrow, tongue, trachea, and bursa of 
Fabricius, while β-defensins gallinacin 8-13 are expressed in liver, kidney, testicle, ovary, 
and reproductive tract (Xiao et al., 2004). Chicken β-defensin gallinacin 6 have function 
against food-borne pathogens in digestive tract (van Dijk et al., 2007). During Salmonella 
Typhimurium infection, high expression of chicken β-defensins gallinacin 1, 2, 4, 7, and 
9 was identified in cecal tonsils (Akbari et al., 2008; Milona et al., 2007). Moreover 
Hasenstein and Lamont (2006) reported that chicken β-defensins single-nucleotide 
polymorphisms (SNP) can be used as molecular markers for genetic selection for 
resistance to Salmonella Enteritidi. Also, Hellgren et al., (2010) indicated that allelic 
variation of avian β-defensins gallinacin 7 can cause different levels of microbial 
inhibition. The use of targeted amino acid substitutions revealed that chicken β-defensins 
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gallinacin 8 can enhance host immune ability against bacteria infection (Higgs et al., 
2007). 
   Cluster of differentiation (CD) cell surface molecules (proteins) are commonly 
expressed on specific cells that are important to immune response. Some CD proteins 
have cell signaling functions. For example, CD4 is often expressed on T helper cells 
while CD8 is detected on cytotoxic T cells. Some CD molecules function in cell 
adhesion. CD34, for instance, is the marker of stem cells. CD28, CD 80, CD86 are co-
stimulating molecules for T cell activation (Arstila et al., 1994; O’Regan et al., 1999). 
CD57 is a marker of B cell activation (Mast and Goddeeris, 1998). There are many CD 
molecules expressed in response to bacteria infection (Chiang et al., 2008; Schokker et 
al., 2010; Li et al., 2010). 
   The complement system is a chief component of the innate immune response and can 
enhance the adaptive immune response. Proteins C1, C2, C3, C4 are major components 
of the complement system, and can be released by macrophages (Carroll, 2004). The 
complement receptor (C3bi) that mediates phagocytosis can be recognized by 
macrophages (Taylor et al., 2005). 
Prevention and control of colibacillosis 
   Effective prevention of colibacillosis is necessary in avian flock health. Preventive 
measures include biosecurity, nutrition, and flock immunity. Sanitation is the most 
important part for biosecurity. Thorough hygiene is critical to prevent introduction of 
other infectious agents. It is important not to allow visitors to the farm and share 
equipment and vehicles with other farm. Regular cleaning and disinfecting breeder house, 
coops, incubator, and hatchery are important to maintain an optimal housing climate and 
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environmental condition, because a low standard of sanitation can cause many outbreaks. 
Appropriate bird density and humidity are also important. Fecal contamination of eggs 
needs to be avoided prior to storage by fumigating them after lay. Cracked eggs with 
fecal contamination should be removed. Also, the chlorination of drinking water should 
be ensured. Moreover, poultry health problem can also be caused by poor feed quality, 
lighting, air quality and ventilation, space (floor or cage) for feeders and drinkers. The 
feed should have lower bacterial levels (e.g. pelleting, formaldehyde, organic acids) and 
be free of fecal contaminations. Feed additives, like protein rations, selenium, ︎β-carotene, 
iron, vitamins A, C, D, and E, can improve healthy immune systems and survivability 
(Frommer et al., 1994; Shane, 2001). Dust and ammonia should be controlled in house to 
improve air quality and ventilation through minimizing use of leaf blowers and mowers. 
The nest boxes should be clean and number of floor eggs should be reduced. Dead birds 
should be separated and collected frequently. The most important thing is to avoid 
introduction the immunosuppressive diseases, such as IBD, NDV etc. and reduce stress, 
like proper stocking density, no temperature extremes etc. Introduction of the 
immunosuppressive diseases can promote APEC infection (McPeake et al., 2005). 
Vaccination for important poultry pathogens can be used to maintain host health and 
avoid the immunosuppressive disease. Early diagnosis and treatment are also much 
necessary and important.  
    Early use of antimicrobial drugs was extensively utilized in poultry to treat and control 
colibacillosis. However, most APEC isolates are resistant to the antimicrobial drugs that 
include cephradine, tetracyclines, chloramphenicol, sulfonamides, amino-glycosides and 
β-lactam antibiotics (Rahman et al., 2004; Irwin et al., 1989; Blanco et al., 1997; Li et al., 
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2007; Allan et al., 1993) although therapeutic success can sometimes be achieved with 
tetracycline. Commercial bacterins can effectively protect breeder hens or chicks against 
homologous E. coli serogroups but not heterologous E. coli serogroups (Barnes et al., 
2008). Consumers are now increasingly concern about food security to ask prohibiting 
use of antimicrobials. Several antimicrobials like fluoroquinolone are banned for poultry 
usage in many countries including USA. Control of colibacillosis, therefore, is likely to 
become even more problematic in the future. An alternative and effective way should be 
considered.    
   Inactivated and modified-live vaccines also can be used in pullets and layers to protect 
against colibacillosis. However, the results of vaccines have been mixed for protection of 
birds from colibacillosis. Vaccinations based on killed or attenuated strain are only 
sufficient against the homologous challengev via increasing anti-lipopolysaccharide IgG 
and IgA levels (Kariyawasam, 2004; Salehi, 2012). These indicate that the diversity of 
APEC strains limits effective use of vaccines in a large scale (Barnes et al., 2008). 
Breeder hens efficiently vaccinated with homologous strains for two weeks can pass the 
immunisation to young birds to avoid chick morbidity and mortality (Heller et al., 1990). 
The current vaccines with homologous strains were mainly based on virulence factors 
like fimbriae, increased serum survival (iss) (Gyimaph et al., 1986; Lynne et al., 2006). 
Although it is difficult to find an effective vaccine against a heterologous strain, a 
vaccine against iss has a good protective ability against heterogonous challenge (Lynne et 
al., 2006)  
   Another attractive alternative to antibiotics is to breed populations that are able to resist 
the APEC infection. Havenstein et al., (2003) reported that genetics accounts for 85-90% 
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of gains in poultry production while nutrition attributes 10-15%. Genetic change is 
permanent and requires no further input once established. The genetic variation has a 
heritability attribute which can be used to select a particular population. Immune 
response traits have a generally moderate heritability 0.2 – 0.3 (Gross et al., 1980; Cheng 
et al., 1991; Leitner et al., 1992; Pinard et al., 1992), indicating it is possible to perform 
genetic selection to obtain the resistant birds. Cole (1968) reported that different lines 
selected for different Marek’s disease incidences (i.e. 7% for Cornell lines N and 94% for 
Cornell lines P) had different B blood group frequencies. Moreover, many genes have 
been detected associated with genetic control of response to Salmonella (Lamont, 2008; 
2010; Calenge et al., 2010). 
    With the development of molecular technology, many methods were established to 
detect molecular genetic markers. Marker-assisted selection (MAS) is a useful method to 
use molecular markers to select for traits of interest (Beckmann and Soller, 1983). 
Restriction fragment length polymorphisms (RFLPs), minisatellites, microsatellites, 
randomly amplified polymorphic DNA (RAPD), amplified fragment length 
polymorphisms (AFLPs), and single nucleotide polymorphisms (SNPs) are all useful 
molecular markers for quantitative trait loci (QTL) detection (Gholizadeh et al., 2008; 
Siegel et al., 2006; Darvasi et al., 1993).  
    Genome-wide association studies (GWAS) are a very useful method to detect genome 
variants and associates with traits to perform genomic selection. Due to the availability of 
the chicken genome sequence, a genetic variation map containing 2.8 million SNPs, and 
the high density SNP panels were available now (International Chicken Genome 
Sequencing Consortium, 2004; International Chicken Polymorphism Map Consortium, 
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2004). Fulton (2012) reported that the chicken 600K high-density SNP chip can provide a 
complete coverage of the chicken genome, which allows researchers to genotype animals 
at a much greater depth and accuracy. Many researchers successfully combine the 
imputation of progeny genotypes and parental high-density genotype information to 
improve the accuracy of selection (Wang et al., 2011; Wolc et al., 2011). Calenge et al. 
(2011) used high density genotyping to study the genetics of the Salmonella carrier-state 
resistance in chicken. It seems that genetic improvement is increasingly a more feasible 
and useful way to select disease resistant birds.  
    Global gene expression is another important way to discover the novel genes 
associated with disease and identify vital pathways and signal cascades that change 
during infection. The availability of RNA-sequencing (RNAseq) technology allows 
researchers to quantify the expression of thousands of genes, splice variants, and novel 
transcripts simultaneously (Marioni et al., 2008). This technology started to be used in 
2008. Up to now, there are over 5000 published manuscripts in the PubMed database 
using the RNAseq technology. The utilization of RNAseq, therefore, is a desirable way to 
characterize the transcriptome of viral- and bacterial-infected poultry. 
    Also, qPCR can be used to quantify the expression of many of the disease-associated 
candidate genes or gene families in poultry, such as cytokines, toll-like receptors, MHC, 
and immunoglobulin etc. (Abasht et al., 2009; Ciraci and Lamont, 2011; Redmond et al., 
2009). qPCR is considered to be more accurate than microarrays and RNAseq (Wilhelm 
and Pingoud, 2003). Therefore, it is usually used as a standard technical validation for 
long-scale microarray and RNAseq expression data.   
 
	   25	  
Experimental design and objective of the study 
   This PhD project is a part of the most comprehensive disease transcriptomics projects 
ever conducted in chickens. A total of 720 broilers from the same commercial line were 
used to conduct the APEC challenge studies. For each of the six biological replicate 
experiments, 120 birds were used, divided into ten treatment groups based on the 
vaccinated, challenged, and necropsy time points: vaccinated-challenged at 1 day post-
infection (dpi) and 5 dpi, vaccinated-unchallenged at 1 dpi and 5 dpi, unvaccinated-
challenged with mild lesion at 1 dpi and 5 dpi, unvaccinated-challenged with severe 
lesions at 1 dpi and 5 dpi, and unvaccinated-unchallenged at 1 dpi and 5 dpi. All birds 
had complete pathology exams upon necropsy, with specific lesion scores assigned to air 
sacs, heat and pericardium, and liver. A total of ten tissues were collected and stored to 
be used as a source of chicken RNA for the expression studies: air sacs, blood, spleen, 
bone marrow, thymus, bursa, brain, lung, and liver. The lesion score distribution obtained 
in the experiment clearly separated the birds within each time post-infection (early and 
late), which allowed us to obtain the unambiguous designation of birds into groups of 
severe or mild pathology in response to challenge. The validity of several critical aspects 
of the challenge studies has been confirmed: APEC challenge dose, timing of necropsy, 
ability to identify range of levels of pathology in infected birds. The first transcriptomic 
project in this experiment is fully completed: a chicken pan-genomic microarray was 
used to assess host responses in two tissues: spleen and peripheral blood leukocytes. 
Three papers were published reporting the microarray results (Sandford et al., 2011; 
2012a; 2012b).  
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   In this PhD project, we profiled the transcriptomes of bone marrow, thymus, and bursa 
to identify the gene expression changes associated with APEC infection. The reason we 
selected these tissues is to provide novel insights into the earliest developmental changes 
that occur in the immune system cells. It is very unique to study the primary lymphoid 
tissues (bone marrow, thymus, and bursa) as the major mechanisms of cellular 
development and maturation occur in the primary lymphoid tissues. Moreover, this 
project also offered a unique opportunity to assess how the T and B cells develop in 
thymus and bursa of Fabricius, respectively. Based on the first transcriptomic project, 
few differentially expressed genes were detected in vaccinated group (Sandford et al., 
2011). This project, therefore, only used the unvaccinated group included six treatment 
groups: challenged with mild lesion at 1 day post-infection (dpi) and 5 dpi, challenged 
with severe lesion at 1 dpi and 5 dpi, and non-challenged at 1 dpi and 5 dpi. Four 
individual animals were used for each of the six treatment groups of bone marrow, 
thymus, and bursa expect that three animals were used for day 1 and day 5 non-
challenged bursa sample, totally 70 samples. 
    With the emerge of second generation sequencing, RNAseq is now a more powerful 
approach for transcriptomic analyses. RNAseq can obtain tens of millions of short 
sequence reads from the interest transcript and map the reads to the reference genome 
forming digital signal instead of intensities in microarrays, which leads to highly 
reproducible results and little technical variation (Mortazavi et al., 2008). RNAseq has 
the ability to identify the splice events and novel genes across the whole genome 
(Casneuf et al., 2007). The RNAseq technology represents an opportunity to generate 
much more information on gene expression than was available using microarrays. Total 
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RNA was isolated and cDNA libraries were constructed for the 70 samples. One library 
from each of the six treatments was pooled into one lane to sequence. Thus, twelve lanes 
were used to sequence the 70 cDNA libraries through the Illumina® HiSeq 2000 at the 
Iowa State University (ISU) DNA facility.  
    The objectives of this project are as follows: (1). Identify host chicken genes 
differentially expressed in defense against APEC infection in bone marrow, thymus, and 
bursa. (2). Conduct a meaningful analysis of transcriptional data, across treatments, 
times, and tissues, to identify key pathways of immune maturation and host defense 
against APEC. (3). Conduct bioinformatic analysis of differentially expressed genes from 
each tissue and treatment group, and integration of data across tissues, to give insight into 
the functional genomics of host immune responses to APEC. The results of the primary 
lymphoid tissues will contribute essential information toward the control of colibacillosis 
by enhancing host resistance genetics in commercial stocks and by rational development 
of effective vaccines. 
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CHAPTER 2. AVIAN PATHOGENIC ESCHERICHIA COLI 
INFECTION ALTERS BONE MARROW 
TRANSCRIPTOME IN CHICKEN 
A paper published in BMC Genomics1 
Hongyan Sun2, Peng Liu3, Lisa K. Nolan4 and Susan J. Lamont2, 5 
Abstract 
Background: Avian pathogenic Escherichia coli (APEC) is a major cause of disease 
impacting animal health. The bone marrow is the reservoir of immature immune cells; 
however, it has not been examined to date for gene expression related to developmental 
changes (cell differentiation, maturation, programming) after APEC infection. Here, we 
study gene expression in the bone marrow between infected and non-infected animals, 
and between infected animals with mild (resistant) versus severe (susceptible) pathology, 
at two times post-infection. 
Results: We sequenced 24 bone marrow RNA libraries generated from the six different 
treatment groups with four replicates each, and obtained an average of 22 million single-
end, 100-bp reads per library. Genes were detected as differentially expressed (DE) 
between APEC treatments (mild pathology, severe pathology, and mock-challenged) at a 
given time point, or DE between 1 and 5 days post-infection (dpi) within the same 
treatment group. Results demonstrate that many immune cells, genes and related 	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pathways are key contributors to the different responses to APEC infection between 
susceptible and resistant birds and between susceptible and non-challenged birds, at both 
times post-infection. In susceptible birds, lymphocyte differentiation, proliferation, and 
maturation were greatly impaired, while the innate and adaptive immune responses, 
including dendritic cells, monocytes and killer cell activity, TLR- and NOD-like receptor 
signaling, as well as T helper cells and many cytokine activities, were markedly 
enhanced. The resistant birds’ immune system, however, was similar to that of non-
challenged birds. 
Conclusion: The DE genes in the immune cells and identified signaling models are 
representative of activation and resolution of infection in susceptible birds at both post-
infection days. These novel results characterizing transcriptomic response to APEC 
infection reveal that there is combinatorial activity of multiple genes controlling myeloid 
cells, and B and T cell lymphopoiesis, as well as immune responses occurring in the bone 
marrow in these early stages of response to infection. 
 
Background 
Avian pathogenic Escherichia coli (APEC) can cause coli- bacillosis due to 
immunosuppression and damage of the immune system [1, 2]. Infection is typically 
initiated in the respiratory tract by inhalation of fecal dust from which it can gain access 
to the bloodstream and immune organs, causing septicemia, pericarditis, and mortality [3, 
4]. Similar phylogenic backgrounds and certain virulence genes are present in both APEC 
and human extra-intestinal pathogenic Escherichia coli (ExPEC) [5]. Thus, poultry 
products contaminated with APEC are a potential source of foodborne ExPEC infection 
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to humans, posing a threat to human health [6–9]. Although vaccination offers one route 
to control APEC, many vaccines may only be effective against homologous APEC 
challenge [10, 11]. Consequently, a more comprehensive understanding of chicken 
responses to APEC will facilitate the improvement of control strategies, vaccine 
development, and human health. 
    Bone marrow, the source of pluripotent hematopoietic stem cells, is a reservoir for two 
main categories of white blood cells, the lymphoid and myeloid lineages [12]. The 
lymphoid lineage differentiates into B, T, and natural killer cells, while the myeloid 
lineage develops into macrophages, granulocytes, mast cells, and dendritic cells (DCs) 
[12–14]. All these cells play critical roles in innate and adaptive immune responses. 
Genome-wide gene expression profiling of immune organs or cells has become a major 
method to simultaneously compare the expression levels of hundreds of thousands of 
genes between different conditions [15–18]. 
    Bone marrow is an excellent tissue source for genomic scale gene expression profiling 
in APEC infection be- cause it provides primordial cells that have not been influenced by 
developmental cytokines and other factors that would be present in the lymphoid organs. 
The study of bone marrow, therefore, offers new avenues to elucidate a comprehensive 
picture of the immune mechanism the primary lymphoid organ depends on to respond to 
APEC infection at the early transcriptional level. Here, we study gene expression in the 
bone marrow between infected and non-infected animals, and between infected animals 
with mild (resistant) vs. severe (susceptible) pathology, at two times post-infection. 
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Methods 
Ethics statement 
All animal care and experimental procedures were reviewed and approved by the Animal 
Care and Use Committee (#11-07-6460-G) of the Research Animal Resources Center at 
Iowa State University. 
Experimental design 
A total of 360 commercial broiler male chicks, obtained at day of hatch from the same 
commercial supplier, were studied in six replicated experiments. For each replicate, 48 
male meat-type (broiler) chickens at 4 weeks of age were challenged with 0.1 ml APEC 
O1 introduced by the intra-air sac route, and 12 birds in a control group were mock-
challenged with 0.1 ml of phosphate buffered saline (PBS). Birds were euthanized and 
bone marrow was harvested at 1 and 5 days post-infection (dpi), from half of the birds at 
each time point. The sample collection times were chosen to include the day of maximum 
symptoms (5 dpi) based on previous studies of co- author Nolan’s group with the same 
bacteria [9] and one early day (1 dpi) to assess the immediate, early changes in gene 
expression occurring in the tissues. A veterinary pathologist visually inspected and scored 
the severity of the lesions in three tissues - air sacs, pericardium, and liver - according to 
the standard pathology scoring sys- tem described by Peighambari et al. [19]. Scores for 
pericardium and liver were 0-2, for air sacs were 0-3. Birds with summed lesion scores of 
0–3 were classified as the “mild” (resistant) infected group and those with summed 
scores of 4–7 were classified as the “severe” (susceptible) infected group. Birds with 
intermediate pathology scores were not included in the transcriptome study. In total, six 
treatments resulted across challenge status, day post- infection necropsy, and pathology 
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level (Fig. 1). The APEC O1 strain is highly virulent in birds and its genome has been 
completely sequenced [9]. Detailed information on the APEC O1 strain and related 
procedures have been previously published [20, 21]. 
Total RNA extraction 
Four birds (one from each of four replicates) from each of the six conditions were 
selected, resulting in 24 samples used for RNAseq. The RNA samples were isolated 
using the Ambion MagMax-96 Kit (AM1839) (Applied Biosystems, Foster City, CA) 
and immediately stored at −80 °C. All extraction procedures were performed according to 
manufacturer’s recommendations. A NanoDrop ND-1000 UV-vis Spectrophotometer 
(NanoDrop Technologies Inc., Wilmington, DE, USA) was used to quantify the RNA. In 
addition, the quality of RNA was tested using the Agilent 2100 Bioanalyser (Agilent 
Technologies). The RNA Integrity Number (RIN) was greater than 9.0 for all samples. 
cDNA library construction and illumina deep sequencing 
   The initial total RNA was converted into a cDNA sequencing library through the 
Illumina TruSeq® RNA Sample Preparation v2 Kit following the manufacturer’s 
instructions (Protocol: #15026495, May 2012). First, 0.1 - 4 g total RNA was purified 
using Poly-T oligo-attached magnetic beads to obtain the mRNA fragments. Next, the 
first-strand cDNA was synthesized from the mRNA fragments. Finally, second-strand 
cDNA synthesis, end repair, 3’ end adenylation, and adapter ligation were performed and 
PCR amplification was conducted. The cDNA librar- ies were validated and quantified 
using a Qubit® Quantitation Platform and an HS dsDNA kit (Invitrogen, Paisley, UK). 
The 24 cDNA libraries were individually generated from 24 samples. One library from 
each of the six treat- ments was pooled into one lane to sequence. Thus, four lanes were 
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used to sequence the 24 cDNA libraries through the Illumina® HiSeq 2000 at the Iowa 
State University (ISU) DNA facility. 
   The image files were converted into sequences using Illumina Software to obtain 100 
bp single-end reads during sequencing of fragment clusters. 
RNAseq analysis 
For each of the sequencing reads, low-quality bases (Sanger base quality < 20) of 3’ ends 
were first trimmed using in-house perl scripts and the sequencing adapters were then 
trimmed using Fastx toolkit (version 0.0.13) software. Quality of the reads was 
determined by FastQC software (version 0.10.1). All Illumina single-end reads of 24 
samples from six treatments were mapped separately to Ensembl Gallus gallus 4.0 
reference genome by TopHat software (version 2.0.9) and Bowtie (version 2.1.0) using 
default parameters. The HTseq package (version 0.5.4p3) in Python was used to calculate 
the number of aligned reads per exon through Ensembl annotation of the chicken 
genome. The number of read counts per gene was identified in the output file by Ensembl 
gene ID. The RNAseq data can be obtained from the Gene Expression Omnibus (GEO) 
database with the accession number GSE67302. 
    Qlucore Omics Explorer (v3.0) was used to perform principle component analysis 
(PCA). The detected genes (count number > 1) from the 24 samples were log2 
transformed and subjected to normalization (mean = 0 and variance = 1). The 
Bioconductor package edgeR (version	  3.0.8) developed in R software (version 2.15.3) 
was used to identify the differentially expressed (DE) genes. Trimmed mean of M-values 
(TMM) normalization method [22] was performed in edgeR to normalize the data across 
libraries. Generalized linear models based on negative binomial distributions were fit to 
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the data using edgeR, and the model includes treatment and replicate effects. The 
Benjamini-Hochberg (BH) method was applied to control the false discovery rate (FDR) 
[23]. A gene was designated DE if its fold change of expression was above 1.5 while 
FDR was controlled at 5 %. 
   Cell type enrichment (CTen) was used to analyze the cell-type specificity for the 
RNAseq data to detect changes in the cellular demographics [24]. The cell type 
enrichment analysis was measured by the enrichment score, the –log10 of the BH adjusted 
p values [25]. The GOseq package (version 1.10.0) was used to detect the enrichment of 
gene ontologies (GO) among the list of DE genes. For heatmap pathway analysis, 
bayesian likelihood ratio test was used to determine the goodness-of-fit. Then, the ratio 
was transformed to a z-score test statistic (Bayesian z-score) to permit comparison of 
scores across all pathways. 
Quantitative PCR (qPCR) and statistical analysis 
Fifteen genes, ADA, BLNK, CD3D, CD28, CD40, CD3Z, IFNG, IL1, IL7, IL8, IL18, 
LIG4, MD2, NOD1, TLR4, were selected to confirm RNAseq results. Criteria for gene 
selection were based on immune response function and significance in the RNAseq 
study. 28S, a housekeeping gene, was utilized to normalize the starting concentration of 
RNA. Primer sequences for the fifteen selected genes were designed by using sequences 
from NCBI and PRIMER3 [26]. Primer sequence details are provided in Additional file 
1: Table S1. All genes assays were run in triplicate for the same individual samples as the 
RNA-seq. qPCR was conducted using QuantiTect SYBR Green RT-PCR kit (Qiagen 
Inc., Valencia, CA). The adjusted cycle threshold (Ct) values were calculated using the 
equation: 40 – [Ct sample gene mean + (Ct 28S median – Ct 28S mean)(slope of sample 
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gene/slope of 28S)]. The qPCR data were analyzed using JMP 8.0.2 statistical software 
(SAS Institute Inc., Cary, NC). The mRNA expression levels were measured as the mean 
adjusted Ct values of each triplicate sample. The analysis model used in the ANOVA 
analysis of JMP 8.0.2 was as following: Y = µ + challenge + day collection + replicate + 
e. Challenge, day collection, and replicate were considered as fixed effects. e was the 
random effect. Student’s t test of JMP 8.0.2 was performed to test the significant 
difference between different contrasts. The significance level was set at 0.05. Fold 
change was measured by the equation: 2(adjusted Ct value of treatment A – adjusted Ct value of treatment B). 
Gene expression fold change and significance in qPCR were used to compare with 
RNAseq for different contrasts.  
 
Results 
Transcriptome sequence 
Twenty-four individual samples (4 different individuals of 6 treatments) were analyzed 
by RNAseq. RNA sequencing resulted in 11 to 40 million single-end raw reads of 100 bp 
per sample (Table 1). After alignment, an average of 80 % of the reads, with 5 % 
representing multiple mapping, were mapped to the chicken reference transcriptome 
(Table 1). There are 17,108 annotated chicken genes in the Ensembl database 
(http://useast.ensembl.org/biomart/martview/174 4c16506e92aabbac0907509c58539). On 
average, 14,388 chicken genes were detected for an individual, accounting for about 84 
% of all 17,108 annotated chicken genes in the database (Table 1). Among these detected 
unique genes, there were 2,404 novel genes, mainly on chromosomes 1, 2, 4, 3, Z, and 5 
in decreasing number. A total of 9,569 genes were included in the statistical analysis by 
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retaining only genes that were detected with the read count above 2 counts per million for 
each sample in at least one treatment group.  
Pathology level and sample similarity 
After infection, the birds exhibited normally distributed summed pathology scores (Fig. 
2). For the RNAseq, we used birds of high and low pathology scores, to represent 
disease-susceptible and disease-resistant phenotypes, respectively. Birds with 0 to1 lesion 
score (average 0.375) as resistant phenotype, and birds with 6 to 7 lesion score (average 
6.625) as the susceptible phenotype were used. For the RNAseq dataset, PCA was used to 
identify sample similarity among the six treatments (Fig. 3). The susceptible birds (severe 
pathology) at both time points were separately clustered. The other four treatments were 
intermingled in the PCA. Results clearly indicate that challenged-susceptible birds 
exhibit transcriptomic changes that are distinct from the challenged-resistant and non-
challenged birds, and that this is also influenced by time post-infection. However, there is 
very little difference in transcriptomes between challenged-resistant and non-challenged 
birds. 
DE genes in bone marrow 
Differences in treatment groups associated with pathology were detected by contrasts of 
treatment groups within each time point, while differences associated with time effects 
were detected by contrasts of the two time points within each treatment group. 
Consequently, nine total contrasts were generated. Figure 4 shows the numbers of shared 
and unique DE genes based on treatment effects within time and time effects within 
treatment. 
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   At 1 dpi, in comparison to non-challenged birds, hundreds of DE genes were detected 
in resistant birds (N= 189) and in susceptible birds (N = 885). The numbers of up-
regulated DE genes were far greater than the numbers down-regulated. At 1 dpi, only 5 
significantly DE genes were co-expressed in three of the contrasts (Fig. 4a). There were 
162 DE genes shared between susceptible vs. resistant birds and susceptible vs. non-
challenged birds on day 1, while only small numbers of DE genes were shared in other 
contrasts (Fig. 4a). These results suggest that early after infection, 1 dpi, the bone marrow 
gene expression of challenged-susceptible birds was similar to that of challenged-
resistant birds, and that challenged birds differed significantly from non-challenged birds. 
    At 5 dpi, the bone marrow transcriptome of resistant birds was very similar to non-
challenged birds, with only two genes detected as DE between the two conditions (Fig. 
4b). Between the contrasts of susceptible vs. non- challenged birds and of susceptible vs. 
resistant birds, 59 % (1,371/2,946) of DE genes were in common. There were 1071 and 
142 unique DE genes in susceptible vs. non-challenged birds and susceptible vs. resistant 
birds, respectively, on day 5 (Fig. 4b). Generally, the numbers of DE genes in resistant 
vs. non-challenged birds de- creased over time, while the numbers of DE genes in- 
creased over time in the susceptible vs. non-challenged and the susceptible vs. resistant 
contrasts (Fig. 4a and b). These results suggest that the bone marrow transcriptome of 
challenged-resistant birds was returning to a homeostatic state by 5 dpi. Challenged-
susceptible birds continued to diverge from both challenged-resistant and non-challenged 
birds as post-challenge time progressed from1dpito5dpi. 
   There was little difference (N = 9) in the bone marrow transcriptome of non-challenged 
birds at 5 vs. 1 dpi. How- ever, both infected treatment groups (resistant and susceptible) 
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had large numbers of DE genes (N = 105; N = 1371 respectively) over time, especially 
the susceptible birds (Fig. 4c). Of the 1,371 DE genes, 97 % (1,334) of them were unique 
in susceptible birds. These results demonstrate that challenged-susceptible birds have a 
unique gene expression profile that diverges over time from that of challenged-resistant 
and non-challenged birds. 
DE gene cell specific activity and GO terms assignments 
The four contrasts with the largest numbers of DE genes were used to analyze cell types 
with the online tool CTen with an enrichment score > 2 as the cutoff for significance. 
Immune response cells were highly enriched: several different types of lymphocytes, 
whole blood, CD14+ monocytes, CD33+ myeloid cells, bone marrow, and DCs, all of 
which were detected in the three contrasts: susceptible vs. non-challenged at 5 dpi, 
susceptible vs. resistant at 5 dpi, and 5 dpi vs. 1 dpi in susceptible birds (Fig. 5). The 
different types of lymphocytes include CD4+ T cells, CD8+ T cells, CD19+ B cells, and 
CD56+ NK cells. These results suggest that APEC induces the activation of many 
immune cells in challenged-susceptible birds by 5 dpi. However, in the contrast of 
challenged-susceptible vs. non- challenged birds at 1 dpi, the cell type enrichment did not 
show many immune cells, only CD33+ myeloid, bone marrow, and CD14+ monocyte 
(Fig. 5). This difference over time may indicate an impairment of precursor immune cells 
in challenged-susceptible birds early after APEC infection. 
   GOseq was used to interpret DE genes into a meaningful biological context. Using the 
default settings, GOseq identified many significant GO terms. Figure 5 presents the top 
10 significant GO terms in the four contrasts. For the three contrasts: susceptible vs. non-
challenged birds at 5 dpi, susceptible vs. resistant birds at 5 dpi, and 5 dpi vs. 1 dpi in 
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susceptible birds, the significant GO terms that were enriched included defense response, 
leukocyte activation and differentiation, lymphocyte activation, and immune response, 
which is in strong concordance with the CTen results. However, in the contrast of 
susceptible vs. non-challenged birds at 1 dpi, the significant GO terms focused on 
apoptosis, cell death, and immune response. 
Heatmap pathway analysis 
Many canonical pathways were identified as significant in the nine contrasts with FDR 
controlled at 0.05. Figure 6 shows a heatmap comparison of pathways in the nine 
contrasts. We detected nine significant pathways that were related to immune system, 
signal transduction, signaling molecules and interaction, and transport and catabolism. 
All nine pathways were strongly and significantly induced at 5 dpi in susceptible vs. non-
challenged birds and in susceptible vs. resistant birds (Fig. 6). Most of the nine pathways 
had significant induction states in the same two contrasts on 1 dpi (Fig. 6). Only the T 
cell receptor signaling pathway, phagosome pathway, and cytokine-cytokine receptor 
interaction pathway had significant suppression in the contrasts of susceptible vs. non-
challenged birds or susceptible vs. resistant birds on 1 dpi (Fig. 6). However, these three 
pathways appeared to reverse to a more inductive state in the same contrasts on 5 dpi. 
Interestingly, there were no significant pathways associated with the contrasts of 5 dpi vs. 
1 dpi in either resistant birds or in non- challenged birds. However, several immune 
related path- ways, phagosome pathway, lysosome pathway, and cytokine-cytokine 
receptor interaction pathway were significantly induced in susceptible birds over post-
infection time (Fig. 6). These results indicate that, in susceptible birds infected with 
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APEC, the host defenses are increasingly induced over time. Moreover, APEC-infected 
susceptible birds express unique biosignatures compared to resistant birds. 
Quantitative PCR validation for RNAseq results 
Quantitative PCR (qPCR) was utilized to validate results of fifteen significant immune-
related genes from the RNAseq study (FDR < 0.05): ADA, BLNK, CD3D, CD28, CD40, 
CD3Z, IFNG, IL1, IL7, IL8, IL18, LIG4, MD2, NOD1, and TLR4. Moreover, all the 
validated DE genes that we selected had high expression (Additional file 1: Table S2). 
The qPCR validation was carried out on five contrasts that had the largest numbers of DE 
genes in RNAseq: susceptible vs. non-challenged birds at 5 dpi, susceptible vs. resistant 
birds at 5 dpi, 5 dpi vs. 1 dpi in susceptible birds, susceptible vs. non-challenged birds at 
1 dpi, and susceptible vs. resistant birds at 1 dpi. Results from qPCR are generally similar 
to those of RNAseq in both the direction of fold change and significance (Table 2). 
 
Discussion 
This study used a novel experimental design to enable the study of challenged birds with 
two extreme pathology levels: severe lesions (susceptible) and mild lesions (resist- ant), 
with the aim to elucidate resistance and susceptibility mechanisms. This design, 
therefore, is more comprehensive than previous experiments with other avian pathogens 
that only assessed the contrast of non-challenged with challenged birds [27, 28]. Figure 2 
illustrates the wide dis- tribution of lesion score (0–7) phenotypes in the challenged 
group. The PCA results (Fig. 3) further validate the concept that the bone marrow 
transcriptome response of APEC-challenged birds that are susceptible (severe lesion) is 
very distinct from those that are resistant (mild lesion). Large numbers of DE genes were 
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detected in the four contrasts: susceptible vs. non-challenged at 5 dpi, susceptible vs. 
resistant at 5 dpi, 5 vs. 1 dpi in susceptible birds, and susceptible vs. non-challenged at 1 
dpi. To determine the populations of specific particular cell types that responded to the 
differences in transcriptional activity, the CTen database information was used to detect 
the cell types for these four contrasts. The CTen database likely misses the identification 
of some cell types in the current study, because it is based on mammalian (mouse and 
human) tissues and cell types. However, because 60 % of chicken genes correspond to a 
similar human gene [29], the mammalian data in the CTen can serve as an initial 
reference to identify specific cell types that respond to APEC infec- tion in birds. Large 
numbers of DE genes were enriched in immune related cells, which corresponds to 
monocytes, DCs, CD4+/CD8+ T cells, B cells, and NK cells migration to the site of 
APEC infection. The cell type enrichment, GO term, and pathways analysis are all 
consistent, thus confirming the results of each individual analysis. 
    DCs, which are efficient antigen presenting cells (APCs), play a vital role in both 
innate and adaptive immune response. Based on CTen results, 267 (75.28 % up- 
regulated), 173 (66.47 % up-regulated), and 167 (82.63 % up-regulated) significant DE 
genes were detected in DCs in the contrasts of susceptible vs. non-challenged birds at 5 
dpi, susceptible vs. resistant birds at 5 dpi, and susceptible birds at 5 dpi vs. 1 dpi, 
respectively. Environmental stimuli and pathogens can have a major effect on the 
functions and maturation of DCs [30-32]. Mature DCs that are promoted by toll like 
receptor (TLR) ligand binding have the ability to drive naive T cells to become effector T 
cells (T helper 1 and 2) [33, 34]. 
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   Monocytes were significantly changed in current study, with 269 (81.78 % up-
regulated), 169 (75.15 % up- regulated), and 177 (90.40 % up-regulated) significant DE 
genes in susceptible vs. non-challenged birds at 5 dpi, susceptible vs. resistant birds at 5 
dpi, and susceptible birds at 5 dpi vs. 1 dpi, respectively. Monocytes can differentiate into 
DCs and macrophages [35–37]. Macrophages have a relative long life-span before they 
remove the pathogens invasion. The functions of macro- phages include phagocytosis of 
foreign particles, secretion of enzymes and oxidative metabolites, cytokine production, 
APC, and opsonization [38–40]. Macro- phages can produce a variety of cytokines 
involved in the pro-inflammatory response like IL1, IL6, and TNFα [41, 42]. Also, 
macrophages have an important role as APC in activating the immune response of T 
cells. 
   NK cells, a third lymphoid lineage and thymus- independent, have many similar 
characteristics with cytotoxic T cells; they both respond against a wide variety of 
pathogens by production of a serine protease and a pore-forming protein [43, 44]. In the 
current study, 246 (74.39 % up-regulated), 157 (63.69 % up-regulated), and 133 (82.71 % 
up-regulated) DE genes were involved in NK cells in the contrasts of susceptible vs. non- 
challenged birds at 5 dpi, of susceptible vs. resistant birds at 5 dpi, and of 5 dpi vs. 1 dpi 
in susceptible birds, respectively. The NK cells play a key role in host primary defense 
and the homeostasis of normal tissues as part of the innate immune system [45]. Taking 
the results on bone marrow NK cells, macrophages and DCs collectively, there is 
significant activation of the myeloid cells of the innate immune system occurring soon 
after APEC infection. 
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   In addition to the immune cells, many innate immune response signaling pathways, 
including TLR- and NOD- like receptors, were significantly changed. Based on chicken 
KEGG pathways (gga04620 and gga04621) and the bone marrow transcriptome data 
from this APEC- challenge study, we modelled the detailed interaction of genes in the 
bone marrow transcriptome in the toll-like receptor and NOD-like receptor signaling 
pathways (Fig. 7Aa and Ab). 
   TLRs respond to bacterial peptidoglycan (PGN) components in the extracellular 
environment by triggering production of pro-IL1β and pro-IL18, resulting in intracellular 
inflammasome activation and leading to NALP3 > ASC > CASP1 > pyroptosis or 
inflammatory response associated with phagosome and lysosome pathways (Fig. 7Aa, 
Ab). In the current study, in the important TLR signaling pathway (TLR1/2/4/5/7 > 
IRAK>TRAF6>TAB1/2>IKK>Tpl2>MEK1/2>ERK> AP1 > pro-IL1β and IL18 > 
NALP3 > ASC > CASP1 > IL1β and IL18 cytokines), all genes except for TRAF6 were 
up- regulated in susceptible vs. non-challenged birds at 5 dpi (Fig. 7Aa). These results 
indicate that the innate immune response is highly activated in susceptible birds. Similar 
to the susceptible vs. non-challenged contrast at 5 dpi, the contrasts of susceptible birds at 
5 vs. 1 dpi and of susceptible vs. resistant birds at 5 dpi also had higher expression of 
many of the same genes (Fig. 7Aa). Other signaling pathways were also detected, 
including TLR1/2 > FADD > CASP8 > apoptosis and TLR4 > TRIF > TRAF3 > IKKe > 
IRF3/7 > IFNα > JAK-STAT signaling pathway. The DE genes in the above pathways 
were up-regulated in susceptible vs. non-challenged birds at 5 dpi, and at 5 vs. 1 dpi in 
susceptible birds (Fig. 7Aa). In summary, most genes in this model exhibit increased 
expression in challenged-susceptible birds compared to challenged- resistant or non-
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challenged birds at 5 dpi, indicating that susceptible birds have enhanced activation of 
their innate immune response after APEC infection. 
   When bacterial PGN components enter into host cells, phagosomes produced by 
neutrophils or macrophages are activated and the pathway of NOD1 > cIAP1/2 > RIP2 > 
TAB1/2/3 > ERK/p38 (MAPK signaling pathway) > pro-inflammatory cytokine (IL8) is 
initiated. Based on our current study’s data and the chicken KEGG database (gga04621), 
we propose the model in Fig. 7Ab. All the genes of the NOD1 pathway were significantly 
DE in susceptible vs. non-challenged birds at 5 dpi in the current study. The initial 
function of cIAP1/2 is to inhibit cell death [46]. TRAF6 is inhibited by SOCS3 [47], 
which blocks NF-κB signaling and plays a vital role in the TLR signaling pathway [48]. 
RIP2 also plays a crucial role in TCR signaling, T cell differentiation, and TLR2/3/4 
recruitment [49, 50]. In the current study, SOCS3, NOD1, RIP2, CARD9, ERK, FOS, 
and IL18 were up-regulated, whereas TRAF6 and cIAP1/2 were down-regulated in 
susceptible vs. non-challenged birds at 5 dpi (Fig. 7Ab). These data indicate that the RIP2 
pathway is enhanced whereas the TRAF6 pathway is impaired in bone marrow cells of 
APEC-infected birds. Collectively, the defense responses of challenged-susceptible birds 
at 5 dpi are characterized by the induction of multiple innate immune signaling pathways. 
   Development of T and B cells was also significantly changed during APEC infection. 
Based on T and B cell development models in mammals and data of the current study, we 
propose the important genes and cytokines that influence T and B cell status under APEC 
infection (Fig. 7B). The crucial genes include KIT, Notch1, CD44, IL7, LIG4, ADA, 
CD3, FYN, and VAV1 [51–58]. Genes Notch1, CD44, FYN, and VAV were up-
regulated in susceptible vs. non-challenged birds at 5 dpi, indicating the general trend of 
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increase of expression of key genes in susceptible birds during APEC infection. Similar 
phenomena were also observed in susceptible vs. resistant birds at 5 dpi and also in 5 dpi 
vs. 1 dpi in susceptible birds. How- ever, most of the above genes were down-regulated 
in susceptible vs. non-challenged birds at 1 dpi, suggesting T cell development was 
largely impaired at the initial APEC infection time in susceptible birds. In summary, the 
development of T lymphocytes, TCR signaling were impaired in challenged-susceptible 
birds at 1 dpi, but were enhanced by 5 dpi. 
    For pre-BCR and BCR signaling in mammals, BLNK, PLCG2, MYC, VAV1, CD40, 
and BCL6 play a central role in many B-cell transitions [59–63]. Also, BLNK has been 
reported to be important to BCR signal transduction in chickens [64]. In the current 
study, all those genes were up-regulated in susceptible vs. non-challenged birds at 5 dpi 
and also in susceptible vs. resistant birds at 5 dpi. Moreover, IRF8 is a critical 
transcriptional regulator of B cell lineage specification, commitment, and differentiation 
in mice [65]. IRF8 was only up-regulated in susceptible vs. non-challenged birds at 5 dpi. 
Collectively, our data indicate that pre-BCR and BCR signaling are greatly enhanced at 5 
dpi in challenged-susceptible birds, compared to non- challenged and challenged-resistant 
birds. 
   The adaptive immune response was also activated by cytokines and chemokines 
produced from the innate immune response (Fig. 7C). APCs, especially DCs, interact 
with naive T cells through CD80/86, CD28, MHC II, and TCR to produce effector T cells 
[66, 67]. In the current study, CD28 was more highly expressed in susceptible vs. non-
challenged birds at 5 dpi. MHC II (BLB1 and DMA) was more highly expressed in 
susceptible birds at 5 dpi than 1 dpi, while it was expressed less in susceptible than non-
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challenged birds at 1 dpi. These data suggest that host adaptive immunity is impaired 
immediately post-infection, but becomes actively enhanced over time to resist infection. 
The cytokines, IL1, IL18, IL6, IL12, and IL17, can interact with T cells to resist infection 
in humans and mice [68, 69]. In the current study, those cytokines or their receptors were 
expressed more highly in susceptible vs. non-challenged birds at 5 dpi (Fig. 7C).  
Moreover, IL1R, IL18R, and IL17R were also more highly expressed in susceptible birds 
at 5 dpi than at 1 dpi. In humans and mice, T helper 2 (Th2) cells produce cytokines IL2, 
IL4, IL10, and IL13 to induce antibody production [70, 71]. Although these cytokines did 
not change in gene expression in bone marrow in the current study, their receptors’ genes 
had increased expression in suscep- tible vs. non-challenged birds at 5 dpi, in susceptible 
vs. resistant birds at 5 dpi, and in susceptible birds at 5 dpi vs. 1 dpi (Fig. 7C). In 
summary, the higher expression of cytokines and their receptors in susceptible birds at 5 
dpi indicates that APEC infection results in the extensive activation of adaptive immune 
response in bone marrow cells over post-challenge time. 
   Moreover, as we expected, the apoptosis and other cell death mechanisms were also 
detected in challenged- susceptible birds compared to non-challenged birds in both 1 dpi 
and 5 dpi. Apoptosis, a major cell death procession, plays an essential role in organism 
growth and tissue homeostasis [72, 73]. Normally, apoptosis is accompanyed with 
inflammation and inflammasome to remove the dead cells or abnormal cells [74]. As the 
susceptible birds had severe lesions, it was reasonable to observe strong apoptosis and 
cell death in susceptible birds. At 1 dpi, five DE genes were significantly up- regulated in 
challenged-susceptible birds in apoptosis pathway compared to non-challenged birds: 
PIK3CD, CYCS, AKT1, IL1RAP, and PIK3R1. Over time post- infection, apoptosis was 
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enhanced in challenged- susceptible birds. Except the above five DE genes, seven DE 
genes involved in apoptosis pathway were up- regulated in challenged-susceptible birds 
compared to non-challenged birds at 5 dpi: CASP6, CAPN1, IL1R1, TNFRSF1A, IL1β, 
CASP8, and TRADD. 
   All the above discussions were focused on the four contrasts with large numbers of DE 
genes: susceptible vs. non-challenged birds at 5 dpi, susceptible vs. resistant birds at 5 
dpi, 5 dpi vs. 1 dpi in susceptible birds, and susceptible vs. non-challenged birds at 1 dpi. 
Although we detected small numbers of DE genes in challenged- resistant birds 
compared to non-challenged birds (N= 189 at 1 dpi and N = 2 at 5 dpi), many 
significantly changed pathways were also identified at 1 dpi: phagosome, Jak-STAT 
signaling pathway, and MAPK signaling path- way (Fig. 6). Only CD33+ myeloid cells 
were detected in resistant vs. non-challenged birds at 1 dpi, indicating innate immune 
response is the major mechanism for challenged-resistant birds to respond to APEC 
infection. Compared to challenged-susceptible birds, day 1 challenged-resistant birds 
only had fifty DE genes (40 up- and 10 down-regulated). However, of those 40 DE genes, 
9 were novel genes; 3 genes’ proteins were not characterized; and the other 28 DE genes 
were highly related to immune function: CD74 molecule (li); cathepsin Z (CTSZ); Ras 
family (RIN2 and RAS- GEF1B); immunoglobulin (IGJ); interleukin (IL7 and IL18R1); 
tumor necrosis factor (TNFRSF21); transforming growth factor (TGFBI); and 
erythrocyte membrane protein (EPB41L3). Challenged-resistant birds, therefore, 
enhanced many immune genes expression to resist the early APEC infection. 
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Conclusion 
This is the first report, to our knowledge, examining the role of bone marrow cell gene 
expression in response to APEC infection in chickens. This transcriptome study provides 
insight and a genome-level view into the response of cell types and genes involved in the 
earliest phases of the immune response to APEC infection. Our data indicate a dynamic 
interaction between the innate and adaptive immune responses to APEC infection in 
susceptible birds, providing flexibility and redundancy in the host’s induction of 
cytokines and chemokines. Additionally, B cell and T cell development are also 
extensively affected by APEC infection in challenged- susceptible birds, resulting in 
drastic host impairment in early response to infection. This impairment of the early 
response may cause the delayed initiation of the cytokine response, resulting in the 
greater level of pathology (susceptibility to disease) in these birds. The DE genes related 
to immune response interaction exert their function in a highly coordinated fashion where 
multiple pathways are involved in T and B cell development, differentiation, proliferation 
and maturation in bone mar- row. As post-infection time progressed, bone marrow cells 
of challenged-susceptible birds actively triggered different facets of the immune 
response. The transcriptomic profile of challenged-resistant birds suggests an immune 
system that differs only slightly from that of non-challenged birds, perhaps because the 
challenged- resistant phenotype has little need to activate the immune system at a high 
level to control APEC-induced disease. In contrast, in the challenged-susceptible birds, 
the DE genes in the immune cells and the identified signaling models are representative 
of activation and resolution of infection at both assayed post-infection days. The present 
study sheds light on the genomic modulation of the immune response against APEC 
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infection in chickens. By contrasting the response of challenged-resistant vs. challenged-
susceptible phenotypes, in addition to challenged vs. non-challenged birds, this study also 
builds a foundation for identifying host genetic variation that may be manipulated to 
enhance resistance to infection and colibacillosis.  
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TABLES 
Table	  1	  	  Summary of numbers of sequencing reads, mapped reads, mapping rate, 
detected genes and transcriptome coverage	  
Treatments 
Raw reads 
Mapped 
reads 
% of read 
Mapped 
Detecte 
genes 
Transcriptom 
coverage dpi Phenotype Bird # 
1 Non-challenged 1 40,958,949 32,154,546 80.3% 14,986 87.59% 
1 Non-challenged 2 17,774,235 13,758,514 78.7% 14,275 83.44% 
1 Non-challenged 3 17,409,364 13,812,510 80.7% 14,140 82.65% 
1 Non-challenged 4 38,557,156 26,754,843 70.6% 14,859 86.85% 
1 Resistant 1 21,110,683 15,919,755 78.6% 14,432 84.36% 
1 Resistant 2 19,457,693 14,734,512 79.8% 14,374 84.02% 
1 Resistant 3 31,249,434 24,654,203 80.4% 14,936 87.30% 
1 Resistant 4 26,426,437 21,574,698 83.0% 14,640 85.57% 
1 Susceptible 1 26,940,892 20,423,349 79.3% 14,759 86.27% 
1 Susceptible 2 16,227,837 11,585,446 79.1% 13,954 81.56% 
1 Susceptible 3 23,554,069 18,481,538 79.8% 14,713 86.00% 
1 Susceptible 4 19,045,548 15,352,573 82.2% 14,409 84.22% 
5 Non-challenged 1 40,113,450 31,164,137 79.5% 14,966 87.48% 
5 Non-challenged 2 15,799,657 12,039,801 80.0% 13,947 81.52% 
5 Non-challenged 3 20,791,304 16,735,997 81.8% 14,235 83.21% 
5 Non-challenged 4 27,189,817 21,665,457 81.1% 14,553 84.95% 
5 Resistant 1 20,286,505 14,862,432 79.8% 14,296 83.56% 
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Table 1 (continued) 
Note: dpi: day post-infection 
 
Table	  2	  	  Quantitative PCR validation	  
Gene Contrast qPCR RNA-seq 
  ADA 
 Susceptible vs. Non-challenged birds at 5 dpi -15.66** -3.92** 
           Susceptible vs. Resistant birds at 5 dpi -18.99** -3.39** 
           5 dpi vs. 1 dpi in susceptible birds    -9.29**    -2.50** 
 BLNK 
 Susceptible vs. Non-challenged birds at 5 dpi   +3.11*    +2.50** 
          Susceptible vs. Resistant birds at 5 dpi   +4.71**    +2.22* 
          5 dpi vs. 1 dpi in susceptible birds    +3.85**  +2.19** 
 CD3D           Susceptible vs. Non-challenged birds at 1 dpi   -2.36** -1.67** 
CD28           Susceptible vs. Non-challenged birds at 5 dpi   +7.17**    +2.27* 
CD40           Susceptible vs. Non-challenged birds at 5 dpi   +4.40**  +2.93** 
           Susceptible vs. Resistant birds at 5 dpi   +2.44**  +2.25** 
 
5 Resistant 2 11,761,420 8,652,658 80.0% 13,543 79.16% 
5 Resistant 3 18,361,293 14,341,042 80.2% 14,281 83.48% 
5 Resistant 4 16,590,846 13,386,031 80.7% 14,038 82.06% 
5 Susceptible 1 22,585,434 17,629,308 80.7% 14,467 84.56% 
5 Susceptible 2 11,789,716 8,534,110 78.7% 13,839 80.89% 
5 Susceptible 3 17,874,004 13,601,653 77.9% 14,495 84.73% 
5 Susceptible 4 15,429,659 12,406,170 82.0% 14,163 82.79% 
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Table 2 (continued) 
            5 dpi vs. 1 dpi in susceptible birds   +2.25*  +1.91** 
 CD3Z 
 Susceptible vs. Non-challenged birds at 1 dpi   -1.91 -1.77** 
           Susceptible vs. Resistant birds at 5 dpi   -7.05* -2.11** 
IFNG  Susceptible vs. Non-challenged birds at 1 dpi   -2.19**    -1.71* 
  IL1  Susceptible vs. Non-challenged birds at 5 dpi   +2.41* +5.21** 
  IL7 
 Susceptible vs. Non-challenged birds at 5 dpi   -3.38** -4.69** 
           Susceptible birds vs. Resistant birds at 5 dpi   -1.96*    -3.36* 
           5 dpi vs. 1 dpi in susceptible birds   +2.72* +5.43** 
  IL8 
 Susceptible vs. Non-challenged birds at 5 dpi   +6.70** +6.06** 
           Susceptible vs. Resistant birds at 5 dpi   +2.69* +2.72** 
           5 dpi vs. 1 dpi in susceptible birds    +3.89*    +2.37* 
  IL18 
 Susceptible vs. Non-challenged birds at 5 dpi   +6.47**  +3.97** 
           Susceptible vs. Resistant birds at 5 dpi   +2.40*  +2.82** 
LIG4  Susceptible vs. Non-challenged birds at 5 dpi   -6.14**    -1.57* 
MD2 
 Susceptible vs. Non-challenged birds at 5 dpi   +2.39**    +3.10** 
           Susceptible vs. Resistant birds at 5 dpi   +2.26**  +2.55** 
           5 dpi vs. 1 dpi in susceptible birds   +2.16**  +1.83** 
  NOD1 
Susceptible vs. Non-challenged birds at 5 dpi   +2.77*  +2.17** 
           Susceptible vs. Resistant birds at 5 dpi   +5.36**  +1.97** 
TLR4 
 Susceptible vs. Non-challenged birds at 5 dpi   +3.26**  +2.77** 
           Susceptible vs. Resistant birds at 5 dpi   +2.53*  +2.35** 
           5 dpi vs. 1 dpi in susceptible birds    +2.75*  +1.89** 
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Note: Fold change between contrasts presented in third and fourth column. + values indicate higher 
expression in the first group, - values indicate higher expression in the second group. ** is P value < 0.01 
in qPCR or FDR < 0.01 in RNA-seq; * is P value < 0.05 in qPCR or FDR < 0.05 in RNA-seq. 
 
	  
Figure 1.  Experimental design  
Chicks were divided into each of three different conditions: APEC challenge status, 
tissue harvest time, and pathology level. Based on the severity of lesions in liver, 
pericardium, and air-sac scored at necropsy, the challenged birds were assigned to either 
mild or severe pathology categories, representing resistant and susceptible phenotypes, 
respectively. Birds in six treatments total were studied: day 1 resistant, day 1 susceptible, 
day 5 resistant, day 5 susceptible, day 1 non-infected, and day 5 non-infected.  
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Figure 2.  Summation of lesion score distribution of the challenged birds at both times 
Transcriptomes were studied of birds lesion scores of 0–1 (resistant) and 6–7 
(susceptible). The average lesion scores of the four replicates resistant and susceptible 
birds is 0.375 and 6.625, respectively. 
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Figure 3.  Principal component analysis (PCA) of transcriptome of all 24 RNAseq 
libraries  
Across the complete dataset, 20.46 % (3501/17108) genes were differentially expressed 
with the false discovery rate (FDR) < 0.05 and fold change > 1.5. Each point indicates 
one RNAseq library. The susceptible birds at the two time points clustered separately. 
The other four treatments, however, were clustered together. Abbreviations: D1_NC, day 
1 non-challenged birds; D1_R, day 1 resistant birds; D1_S, day 1 susceptible birds; 
D5_NC, day 5 non-challenged birds; D5_R, day 5 resistant birds; D5_S, day 5 
susceptible birds. 
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Figure 4.  Comparison of the identified differentially expressed (DE) genes across time 
and treatment (challenge and pathology status) effects  
The number in overlapped regions is the number of DE genes that were detected in all 
three contrasts or each two contrasts. a Represents shared and unique significant genes 
for treatment effect at 1 day post-infection (dpi). b Indicates shared and unique significant 
genes for treatment effect at 5 dpi. c Shows shared and unique DE genes for time effect 
post-challenge. a and b demonstrate that the number of DE genes in resistant vs. non-
infected birds were decreasing over the two days, while the number of DE genes in 
susceptible vs. non-infected and susceptible vs. resistant birds increased with time post-
infection. 
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Figure 5.  GO terms and CTen analysis  
The list of differentially expressed (DE) genes in bone marrow from broilers infected 
with APEC is analyzed by GOseq and CTen. The left shows the functional annotation for 
DE genes in the four contrasts: top ten significant GO biological processes. The right 
shows the summary of cell type enrichment analysis expressed as –log10(Benjamini and 
Hochberg adjusted P value). The characters in red color indicate significantly enriched 
cell type. The color from blue to pink indicates the enrichment from the highest to lowest, 
respectively. GO, gene ontology; CTen, cell type enrichment; dpi, day post-infection. 
 
	  
Figure 6.  Heatmap comparison of pathway scores for each of the nine two-way contrasts  
A gradient color from light to bright red with the score magnitudes indicates different 
level of induced pathway activity, while a gradient color from light to bright green with 
the score magnitudes shows different levels of suppressed pathway activity. S, 
susceptible birds; R, resistant birds; NC, non-challenged birds; dpi, day post-infection. 
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Figure 7.  Dynamic differentially expressed (DE) genes were involved in T and B cell 
development as well as innate and adaptive immune response  
Aa, Ab, and Ac were innate immune response including toll-like receptor signaling 
pathway, NOD-like receptor signaling pathway, phagosome and lysosome pathway. B 
indicates the process of B and T lymphocytes lymphopoiesis and the regulation genes in 
each step. C represents adaptive immune response under APEC infection. Genes in blue 
color were down-regulated while genes in red color were up-regulated. The pink color 
indicates significantly changed pathways that were not discussed here. The lowercase a, 
b, c, d indicate different contrasts: a, day 5 susceptible birds vs. day 5 non-challenged 
birds; b, day 5 susceptible birds vs. day 5 resistant birds; c, day 5 susceptible birds vs. 
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day 1 susceptible birds; d: day 1 susceptible birds vs. day 1 non-challenged birds. LBP, 
lipopolysaccharide binding protein; LPS, lipopolysaccharide; PGN, peptidoglycan; N, 
number. 
 
Additional file 1 - Primers utilized for qPCR analysis 
Table 1: Primers sequence for qPCR validation  
Gene Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 
  ADA      ATATGCCAAGTTGGTCTCC    AGAAGCCATCAGCAACTC 
BLNK      GATACTTGGGATCGGCTAAA    GAGTGGCCATCTGGATTT 
CD3D      CTATCGAATGTGCCAGAATTG    GTGACATGAGTCCCTTATCTT 
  CD28      CAGTCTTTATAATCTACCGGCAAAA    TTGTTCTTCTGGTGAGGTGGA 
  CD40      CATGAAATCTGTGAGGACAACGC    CTTGCAGGGCTCGTTCT 
  CD3Z      GCCAGGACGATGTGTATAA    TCTGCAGGGAAGAGTAAAC 
  IFNG      GTGAAGAAGGTGAAAGATATCATGGA    GCTTTGCGCTGGATTCTCA 
  IL1𝛽      GCTCTACATGTCGTGTGTGATGAG    TGTCGATGTCCCGCATGA 
  IL7      CATCGAAGAGCTGGTAAATATG     GCCATACTCTGTAGTGATCC 
  IL8      GCCCTCCTCCTGGTTTCAG    TGGCACCGCAGCTCATT 
  IL18      AGGTGAAATCTGGCAGTGGAAT    ACCTGGACGCTGAATGCAA 
  LIG4      CACAGTGCTCTCCATCAA    TCCATACGCCATCCTTTC 
  MD2      CTCTGTGTGGAGGACTGAAA    TCATGGTGAAGTTCAAGCAC 
NOD1      CTGTGTCCTGCAGAAAGT    CCTGCTAACTGGATCTGTATT 
  TLR4      GGATCTTTCAAGGTGCCACA    CAAGTGTCCGATGGGTAGGT 
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CHAPTER 3. THYMUS TRANSCRIPTOME REVEALS 
NOVEL PATHWAYS IN RESPONSE TO AVIAN 
PATHOGENIC ESCHERICHIA COLI INFECTION 
A paper submitted to Immunogenetics 
Hongyan Sun6, Peng Liu7, Lisa K. Nolan8, Susan J. Lamont6, 9 
Abstract 
Background: Avian pathogenic Escherichia coli (APEC) can cause significant morbidity 
in chickens. The thymus provides the essential environment for T cell development; 
however, the thymus transcriptome has not been examined for gene expression in 
response to APEC infection. An improved understanding of the host genomic response to 
APEC infection could inform future breeding programs for disease resistance and APEC 
control. We therefore analyzed the transcriptome of the thymus of birds challenged with 
APEC, contrasting susceptible and resistant phenotypes.  
Results: Thousands of genes were differentially expressed in challenged-susceptible 
birds compared to non-challenged and challenged-resistant birds on day 5, as well as in 
day 5 vs. day 1 in challenged-susceptible birds. The Toll-like receptor signaling pathway 
was the major innate immune response for birds to respond to APEC infection. 
Moreover, lysosome, cell adhesion molecules, and the Jak-STAT signaling pathways 
were common mechanisms for chicken response to APEC infection. The T cell receptor 	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  7	  Department of Statistics, Iowa State University, Ames, Iowa, 50011;  8	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  University, Ames, Iowa, 50011.	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signaling pathway, cell cycle, and p53 signaling pathways were strongly induced in 
resistant birds to resist APEC infection.  
Conclusion: These results provide the first comprehensive assessment of global gene 
networks and biological functionalities of differentially expressed (DE) genes in the 
thymus under APEC infection. These findings provide novel insights into key molecular 
genetic mechanisms that differentiate host resistance from susceptibility in this primary 
lymphoid tissue.  
Keywords: RNASeq; APEC; thymus; transcriptome; immune response 
 
Background 
    Colibacillosis, caused by avian pathogenic Escherichia coli (APEC), is an 
extraintestinal disease that may manifest as septicemia, pericarditis, or airsacculitis in 
poultry [1, 2]. APEC has also been recently identified as a possible cause of human 
disease [3-6]. Studies report that APEC shares similar phylogenic background and certain 
virulence genes with human extraintestinal pathogenic Escherichia coli (ExPEC), 
suggesting the potential of zoonotic risk of APEC [7]. Moreover, contaminated chicken 
meat and eggs are potential sources of human infections [8, 9].  
   APEC generally gains entry to the host bird via the respiratory tract [10]. From there, 
bacteria enter the bloodstream and gain access to the viscera resulting in a multisystemic 
disease. Colibacillosis causes multimillion-dollar annual losses in the poultry industry 
worldwide. Although antibacterial agents have been used successfully to prevent this 
disease, restrictions on antibiotic usage in poultry production and APEC’s increasing 
resistance to antimicrobial agents have made colibacillosis control problematic [11, 12]. 
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Thus, control of colibacillosis by means other than antimicrobial agents is highly 
desirable.  
   Several studies of host responses to APEC infection have focused on the secondary 
organs/tissues of spleen and peripheral blood leukocytes [13-15]. To date, only one study 
has taken the primary lymphoid tissue, bone marrow, to investigate the earliest phases of 
immune response to APEC infection [16]. Thymus is also an essential primary lymphoid 
organ, which is composed of several lobes of ovoid lymphoid tissue in the neck of 
chickens. This tissue provides an appropriate environment for T cell precursor 
development, differentiation, and maturation [17]. Moreover, marked atrophy of thymus 
was observed in natural colibacillosis of broiler chickens [18] and the relative weights of 
thymus were dramatically decreased at 1 day post-inoculation [19]. Histologically, the T 
lymphocytes were greatly depleted in thymus after 1 day post-infection in colibacillosis 
of white leghorn [19]. Therefore, thymus is an excellent model to better understand the 
nature and consequences of avian response to APEC infection for the many primary 
developmental changes in immune system cells.  
    Variation in gene expression can be very useful in studying specimens treated under 
different conditions at a genome-wide level [20-22]. Many types of chicken microarrays 
have been used in genome-wide gene expression studies, including a macrophage 
microarray, avian innate immunity microarray, 44 K Agilent microarray, and Affymetrix 
chicken genome array [23-25]. The new technology of RNAseq	  is	  an	  efficient	  and	  reliable	  tool	  to	  investigate	  genetic	  architecture	  and	  sequence	  variation	  and	  to	  quantify	  gene	  expression	  through	  whole	  transcriptome	  analysis	  [26].	  The current 
study used RNAseq technology to characterize the transcriptomic response of genes 
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involved in the earliest phases of immune response against APEC by studying the 
primary lymphoid organ, the thymus. 
 
Methods  
Ethics statement  
All animal care and experimental procedures were reviewed and approved by the Iowa 
State University Institutional Animal Care and Use Committee (#11-07-6460-G). 
Avian pathogenic Escherichia coli (APEC) experimental design 
At four weeks of age, 288 commercial male broilers (meat-type chickens) were 
inoculated with APEC O1 intra-air sac and , for the control group, 72 were injected with 
the same volume of phosphate buffered saline (PBS). The APEC O1 strain and 
experimental procedures have been previously described in detail [13,14]. At necropsy, 
the lesions on the liver, air sacs and pericardium were scored. The range of scores for 
each tissue was: liver, 0-2; air sac, 0-3; and pericardium, 0-2. The sum of its tissue scores 
was used to describe the level of pathology of the individual bird and these sums were 
normally distributed over the 288 infected birds. The lesion score distribution was 
described in the study of Sun et al. [16]. Thymii were collected at 1 or 5 days post-
infection (dpi). A total of six treatments were thus classified with respect to three 
conditions: challenge status (infected or non-infected), necropsy day (1 or 5 days), and 
pathology level (mild or severe) (Fig. 1). Birds selected for RNA-seq analysis were the 
same as the study of Sun et al. [16]. And, four replicates were used for each treatment 
group, totally 24 samples.  
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mRNA isolation, cDNA library preparation, and sequence analysis 
An Ambion MagMAX-96 Kit (AM1839) (Applied Biosystems, Foster City, CA) was 
used to isolate RNA from the thymus samples. The quality and quantity of RNA were 
assessed using the Agilent 2100 Bioanalyzer according to the manufacturer’s instructions 
(Agilent Technologies). RNA Integrity Numbers (RIN) for all the RNA samples selected 
to construct the cDNA libraries were greater than 8.0. Next, an Illumina TruSeq ® RNA 
Sample Preparation v2 Kit was utilized to convert 0.1 - 4  𝜇g RNA into cDNA libraries. 
Twenty four cDNA libraries, including four biological replicates (birds) for each 
treatment, were constructed. Briefly, fragment mRNA was purified using oligo-dT beads 
from the initial RNA and reverse transcribed into a double strand cDNA fragment. End 
repair, adenylation, adapter ligation, and PCR amplification were then carried out in 
conformance with the TruSeq® manufacturer’s instructions (Protocol: #15026495, May 
2012). A Qubit® Quantitation Platform and HS dsDNA kit (Invitrogen, Paisley, UK) 
were then used to test and quantify the cDNA libraries. Six cDNA libraries, including one 
for each of the six treatments, were sequenced in the same lane of the Illumina® HiSeq 
2000 at the Iowa State University DNA facility (4 lanes for the 24 cDNA libraries) with 
single end 100 bp cycles.  
Read quality control, alignment, and reads number calculation 
Fastx toolkit software (version	  0.0.13) was used to remove the adapter for each read and 
quality of RNA-seq reads from all the samples was checked using FastQC software 
(version 0.10.1) keeping a Phred score of 32. Then the filtered reads from each sample 
were separately aligned to the Gallus gallus 4.0 reference genome from Ensembl using 
TopHat2 (version 2.0.9) and Bowtie (version 2.1.0) software with default parameters. 
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The abundance of reads for all annotated genes was counted using the HTseq software 
package (version 0.5.4p3) in Python.  
Statistical and biological analysis 
To test the samples’ relationship, Qlucore Omics Explorer (version 3.0) was used to 
conduct principal component analysis (PCA) by using the read count data from the 24 
samples. Then, the software package edgeR (version 3.0.8) was run in R software 
(version 2.15.3) to identify differentially expressed (DE) genes. The generalized linear 
model (GLM) analysis in edgeR based on the negative binomial distribution was applied. 
Then interesting linear contrasts were constructed to compare treatment conditions. The 
Benjamini-Hochberg method was used to control false discovery rate (FDR) [27] at 5%. 
To avoid gene length bias, the GOseq package (version 1.10.0) [28] was utilized for 
further gene ontology (GO) and pathway analysis while controlling FDR at 5%. Animal 
systems biology analysis and modeling center (ASBAMC) was used to generate the 
significant pathways.  
Candidate genes for qPCR validation  
Quantitative real time PCR (qPCR) was performed to measure the mRNA expression 
levels of twelve selected genes using the same 24 RNA samples used for sequencing. The 
criterion for gene selection was based on having a role in immune responses and 
significance in the RNAseq results for the following eleven selected genes: IL7, IL7R, 
LCK, ZAP70, CD3Z, IL18, IL8, IFNGR, NOD1, LIG4, TLR6. Also, 28 S rRNA was 
chosen as an internal control gene for normalization of the initial concentration of RNA. 
Primers were designed for amplifying fragments in the qPCR reaction using sequences 
from NCBI and Primer 3 [29]. Primer sequence detail is displayed in Additional file 1: 
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Table S1. qPCR was performed in triplicate on individual thymus samples. Reactions of 
qPCR were carried out using the QuantiTect SYBR Green kit (Qiangen Inc., Valencia, 
CA) as described by Redmond and co-workers [30]. The following equation was used to 
calculate the adjusted cycle threshold (Ct) values: 40 – [Ct target gene mean + (Ct 28S 
median – Ct 28S mean)(slope of target gene/slope of 28S)]. The Fit Model procedure in 
JMP software (SAS Institute Inc., Cary, NC) was used to analyze the Ct value. Relative 
gene expression values were calculated for different treatment contrasts.  
Availability of Supporting Data 
The RNAseq data can be obtained from the NCBI Gene Expression Omnibus (GEO) 
database with the accession number GSE69014. 
 
Results 
mRNAseq read alignment and sample variability 
Twenty-four individual thymus samples were analyzed by RNAseq. These included one 
sample from each of six treatment conditions from four biological replicates. After 
sequencing the cDNA libraries, the average total raw reads were 26.59 million. By 
trimming the adaptor contamination using the Fastx toolkit and FastQC quality control, 
the average number of clean reads over all samples was 25.14 million. The number of 
raw and clean reads for each treatment group is displayed in Fig. 2A.Using TopHat2, an 
average of 82.96% of the reads mapped back to the reference genome and the unique 
mapped reads accounted for an average of 78.62% (Fig. 2A). Examination of the total 
mapped reads distribution is illustrated in Fig. 2B. Distribution of reads among the six 
treatment groups was relatively consistent. On average, 74.44% of the reads mapped to 
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exons, including 48.00% CDS_exons, 22.16% 3’ UTR_exons, and 4.28% 5’ UTR_exons 
(Fig. 2B). There were 21.59% and 3.97% of the reads located into introns and intergeic, 
respectively (Fig. 2B).  
   After alignment, the average number of reads for all samples was 12.53 million using 
HTseq counting. The average transcriptome coverage, i.e., the number of detected 
transcripts over the total annotated transcripts, was 85.89%. To further explore the 
relationship among the total 24 samples, PCA was used to cluster similar samples in 
multivariate space. The PCA results showed that the susceptible birds at 5 dpi were 
distinct from the other five treatment groups (Fig. 3). Additionally, susceptible birds at 1 
dpi differed slightly from the four groups of resistant and non-challenged birds at 1 and 5 
dpi. Variability among replicates in each treatment group was low and the clear 
separation for the different groups indicated that susceptible birds possess a unique 
characteristic expression pattern which was greatly different from resistant and from non-
challenged birds. 
Analysis of DE genes 
From a total of 16,693 detected transcripts, 2,484 transcripts were novel. After keeping 
genes with read counts above 1 count per million for at least 3 samples in at least one 
treatment group and removing the other low-expression reads, 11,585 transcripts were 
statistically analyzed. Comparisons of gene expression with respect to treatment, time, 
and pathology effects were carried out to identify candidate genes that respond to APEC 
infection. Nine total contrasts were constructed for interesting two-way comparisons. The 
numbers of up-regulated DE transcripts were greater than those of down-regulated ones 
for most of the nine contrasts (Table 1).  
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    Tests for four comparisons (contrasts) identified large numbers of DE genes: 
susceptible vs. non-infected birds at 1 or 5 dpi, susceptible vs. resistant birds at 5 dpi, and 
5 dpi vs. 1 dpi in susceptible birds (Table 1). However, tests for the other comparisons 
only detected a few DE genes (N<25). There were 158 DE genes detected comparing 
susceptible vs. non-infected birds at 1 dpi. Thousands of DE genes were identified when 
comparing susceptible vs. non-infected birds and comparing susceptible vs. resistant 
birds at 5 dpi, as well as comparing 5 dpi vs. 1 dpi in susceptible birds. These results 
indicate that there were large differences at 5 dpi between susceptible birds and resistant 
birds, and between susceptible birds and non-infected birds. However, resistant birds 
differed little from the non-infected birds at either 1 dpi or 5 dpi. The transcriptomic 
response of susceptible birds greatly increased over time post-infection, whereas a time-
related response increase did not occur in resistant and non-infected birds. 
Significant GO terms analysis  
 To provide sufficient genes for common biological process analysis, the four 
comparisons with the largest numbers of DE genes were used for further analysis. The 
false discovery rate was controlled at 5% for all the significant GO terms and pathways in 
the following results and discussion.  
    The top three significant GO terms between susceptible vs. non-infected birds at 1 dpi 
included defense response to bacterium, defense response, and response to bacterium. 
The DE genes in those GO terms were enriched in the beta-defensin (gallinacin) family. 
In addition to the above GO terms, the comparisons of susceptible vs. non-infected birds 
and of susceptible vs. resistant birds at 5 dpi had the top significant GO terms of: immune 
response, toll-like receptor signaling pathway, T/B cell activation, and T cell lineage 
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commitment. With passage of time post-infection, the susceptible birds’ response mainly 
focused on natural killer cell differentiation, myeloid progenitor cell differentiation, 
lymphoid progenitor cell differentiation, and lymphocyte differentiation GO terms. 
Significant pathways analysis 
These four comparisons also had significantly changed pathways in response to APEC 
infection. Generally, phagosome, lysosome, toll-like receptor (TLR) signaling pathway, 
Jak-STAT signaling pathway, cell adhesion molecules (CAMs), ECM-receptor 
interaction, and cytokine-cytokine receptor interaction, were dramatically induced in 
these three comparisons: susceptible vs. non-infected birds at 5 dpi, susceptible vs. 
resistant birds at 5 dpi, and susceptible birds at 5 dpi vs. 1 dpi. Moreover, T cell receptor 
(TCR) signaling pathway was strongly suppressed in the above three contrasts.  Also, cell 
cycle and p53 signaling pathways were significantly suppressed in the contrast of 
susceptible vs. non-challenged birds and of susceptible vs. resistant birds at 5 dpi. Cell 
cycle was also detected in susceptible vs. non-challenged birds at 1 dpi. Fig. 4 showed the 
numbers of the DE genes that involved in the significant pathways in the four contrasts. 
Detailed information of DE genes of the significant pathways for the four contrasts was 
displayed in Additional file 2: Table S1-4. These results indicate that susceptible birds 
extensively initiate their pathways of immune response, signal transduction, and signal 
molecules and interaction to resist APEC infection. However, the T cell differentiation 
and proliferation, and cell growth are significantly impaired in susceptible birds.  
Validation of RNAseq Data  
To validate the RNAseq data, qPCR was performed on the following eleven genes 
selected from immune related genes that were significantly DE in RNAseq: IL7, IL7R, 
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LCK, ZAP70, CD3Z, IL18, IL8, IFNGR, NOD1, LIG4, TLR6. The qPCR results for ten 
of eleven selected genes conformed to the same direction of fold change and significance 
as those in RNAseq data (Table 2). A close correlation (93.42%) in the expression level 
was between qPCR results and RNAseq data.  Only one gene, CD3Z, was not significant 
in the qPCR experiment; however, the CD3Z expression pattern in the qPCR experiment 
conformed to the same direction as for RNAseq (Table 2).  
 
Discussion 
This novel experimental design enabled characterization of the resistance and 
susceptibility mechanisms of different phenotype birds (severe versus mild pathology) in 
response to APEC infection through chicken thymus transcriptome analysis. The large 
number of infected birds (N = 288) was used to obtain a wide range of pathology 
phenotypes (lesion score: 0-7) to help clearly separate resistant from susceptible birds 
[16]. The PCA of the thymus transcriptome clearly demonstrated that the 5 dpi 
challenged-susceptible birds were separated from the challenged-resistant and non-
challenged birds at 1 dpi and 5 dpi; and the 1 dpi challenged-susceptible birds were 
slightly separately from the challenged-resistant and non-challenged birds at 1 dpi (Fig. 
3). Few DE genes were identified in the thymus of challenged-susceptible vs. challenged-
resistant and of challenged-resistant vs. non-challenged birds at 1 dpi, as well as in 
challenged-resistant vs. non-challenged birds at 5 dpi (Table 1). In contrast, large 
numbers of DE genes were detected in challenged-susceptible vs. non-challenged at 1 
and 5 dpi, challenged-susceptible vs. challenged-resistant birds at 5 dpi, and 5 vs. 1 dpi 
susceptible birds (Table 1). The PCA results, together with the DE genes in different 
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contrasts, indicate that classification of birds as resistant or susceptible birds based upon 
their total lesion scores was appropriate.  
    Previous studies in our lab used the secondary immune organs of spleen and peripheral 
white blood cells, as well as the primary lymphoid tissue, bone marrow, from the same 
experiment as the current one to study DE genes and pathways. Those studies identified 
that the TLR family, CD cluster, interleukin family, Jak-STAT signaling pathway, 
CAMs, and lysosome pathway were important in APEC response [13, 14]. In bone 
marrow, the TLR, TCR, phagosome, lysosome, Jak-STAT signaling pathway, and 
cytokine-cytokine receptor interaction were significantly changed under APEC infection 
[16], which is highly consistent with the current study. It appears that the TLR, lysosome, 
CAMs, and Jak-STAT signaling pathways are common response mechanisms in both 
primary and secondary lymphoid tissues under APEC infection.  
   The TLR is the major innate immune response modulator for chicken resistance to 
APEC infection. TLRs can recognize pathogen-associated molecular patterns (PAMPs) to 
trigger inflammatory cascades [31. 32]. The TLR4 protein can interact with TIR-domain-
containing adaptor proteins (MyD88, MAL, and IRAK4) to transmit signals, inducing 
MAPK (mitogen-activated protein kinases) signaling pathway activation and 
inflammatory cytokines [33-36]. Moreover, TLR1 and TLR6 can use the same signaling 
pathway as TLR4 (Fig. 5). The members of TLR family, TLR1LA, TLR4, and TLR5, 
were all over-expressed in susceptible vs. non-challenged and susceptible vs. resistant 
birds at 5 dpi in the current study (Fig. 5).  
    The MAPK signaling pathway includes three major components p38, ERK, and JNK 
(c-Jun aminoterminal kinase). In our study, the p38 (MAPK11, MAPK12, and 
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MAPK13), ERK (MAPK1), and JNK (MAPK9) genes were over-expressed in 
susceptible birds compared to non-challenged and resistant birds at 5 dpi (Fig. 5). The 
MAPK cascade components p38, ERK and JNK can further induce production of the 
inflammatory cytokine IL8. Here, IL8 was also up-regulated in susceptible vs. non-
challenged and susceptible vs. resistant birds at 5 dpi.  
    Moreover, the TLR signaling pathway also produced the costimulatory molecules 
(CD40, CD80, and CD86) to stimulate T cells [37, 38]. These costimulatory molecules 
can interact with the TCR signal, which determine T cell survival and proliferation. In the 
current study, CD40, CD80, and CD86 were expressed more in susceptible than non-
infected and resistant birds at 5 dpi. These results demonstrate that APEC infection 
stimulates high levels of activation of the innate immune response in susceptible birds. 
The same phenomenon was also observed in the contrasts of susceptible vs. resistant 
birds at 5 dpi and also of susceptible birds at 5 vs. 1 dpi (Fig. 6). Additionally, TLR1LA, 
TLR4, TLR5, MAPK1, and CD40 also were significantly changed in bone marrow in 
susceptible birds compared to non-challenged birds at 5 dpi; especially, TLR4 and CD40 
were DE in susceptible versus resistant birds [16]. These genes might be potential 
biomarkers for chicken host response to APEC infection.  
   In the current study, CD40 was also involved in the significantly changed pathways, 
cytokine-cytokine receptor interaction and CAMs. Here, the CAMs pathway was strongly 
induced in susceptible birds in the thymus compared to resistant and non-challenged birds 
at 5 dpi. Moreover, the CAMs pathway was also significantly changed in secondary 
lymphoid tissue [14]. The VCAM1, ITGB1, and ITGA6 genes, were all more highly 
expressed in susceptible birds than non-challenged and resistant birds at 5 dpi in 
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peripheral blood leukocytes [14] and in the current study, strongly suggesting important 
roles of these genes. The highly induced CAMs pathway, together with previous reports 
of thymus atrophy and T lymphocyte depletion under colibacillosis [18, 19], indicates 
that CAMs might be the major local tissue repair mechanism after APEC infection. 
   Moreover, the lysosome also plays an essential role in TLR immune response. Many 
genes (CTSS, GUSB, PPT1, LIPA, DNASE2, ATP6V0D1, and SLC17A5) involved in 
the lysosome pathway were highly induced in bone marrow [16], leukocyte [14], as well 
as the current study of thymus (Additional file 2: Table S3-4) in susceptible birds 
compared to resistant and non-challenged birds. These genes have critical functions in 
innate immune response of chickens in response to APEC infection.  
    As the thymus provides the essential environment for T cell development and 
maturation, many distinct stages of T cell development were marked with changes in 
gene expression under APEC infection. The TCR signaling is a critical requisite signal to 
initiate T cell selection, proliferation, activation and response magnitude [39]. The 
interaction between antigen peptide and MHC complexes can activate the TCR signal to 
trigger a complex downstream series of signaling cascades that can result in a variety of 
outcomes [40, 42]. The proximal signaling events include activation of Src tyrosine 
kinase Lck, phosphorylation of ITAMs in the TCR/CD3 complex, recruitment and 
activation of ZAP70, phosphorylation of LAT, recruitment of a variety of signaling 
molecules such as GRAP2, VAV, and the activation of NFAT, NF-kB, and MAPK [42-
47].  
   In the present study, the key genes (CD3Z, LAT, ZAP70, GRAP2, and VAV) in the 
TCR signal had reduced expression levels in the three contrasts of susceptible vs. non-
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infected birds at 5 dpi, susceptible vs. resistant birds at 5 dpi, and in susceptible birds at 5 
vs. 1 dpi (Fig. 6). Deficiency of PDCD1, a co-inhibitory receptor expressed on T cells, 
can promote autoimmunity [48-50]. This gene was also down-regulated in susceptible 
birds compared to resistant or non-infected birds at 5 dpi. Collectively, the TCR signal 
was deeply impaired in susceptible birds, which indicates T cell proliferation, activation, 
differentiation, and maturation are significantly impaired by APEC infection in 
susceptible birds. Moreover, CD3Z was also significantly DE in bone marrow in 
susceptible compared to resistant birds at 5 dpi [16], indicating this gene is a positive 
marker of resistance in birds.  
    Expression of NFATC can result in T cell anergy and NFKBIE can inhibit NF-kB 
transactivation [51, 52]. These two genes both exhibited higher expression in susceptible 
birds at 5 dpi, indicating damage of the TCR signal. T cells are not only activated by 
antigen presentation signals but also by co-stimulatory molecules for negative and 
positive regulatory signal transduction pathways [53]. CTLA4 can interact with CD80 or 
CD86 to terminate T cell activation and result in cell-cycle arrest [54]. In the current 
study, expression of CTLA4 and CD86 were increased in susceptible vs. non-infected 
birds and in susceptible birds at 5 dpi vs. 1 dpi. These results suggest that APEC infection 
suppresses T cell activation in susceptible birds.  
    Moreover, IL7 exerts a significant impact on naive T cell survival, proliferation, and 
homeostasis in mammals [55, 56]. Hsu and Mountz [57] reported that the interaction 
between IL7 and IL7R could lead to proliferation and progression of T cells. IL7 and 
IL7R also play pivotal roles in the development of γδ T cells [58, 59]. IL7R can also be 
highly expressed in CD4+ and CD8+ cells and correlated with T cell activation status in 
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chickens [60]. IL7 signaling is a negative-feedback loop (IL-7R → CD8 → TCR ⊣ IL-
7R) that drives cell-intrinsic IL7R and TCR oscillatory signaling [61]. In the present 
study, IL7 and IL7R had increased expression levels in susceptible vs. resistant birds at 5 
dpi and 5 dpi vs. 1 dpi in susceptible birds. These results suggest that the over-expressed 
IL7 and IL7R may down-regulate TCR signaling. Additionally, IL7 and IL7R were also 
involved in Jak-STAT signaling pathway that was significantly induced in bone marrow 
[16], leukocyte [14], and the current thymus study under APEC infection.  
     In addition to the TCR signaling pathway, the cell cycle and p53 signaling pathways 
were strongly suppressed in susceptible birds in comparison to resistant and non-
challenged birds at 5 dpi (Fig. 4). Both cell cycle and p53 signaling pathways have 
important roles to control cell proliferation and differentiation [62-64]. The DE genes 
involved in cell cycle and p53 signaling pathway are displayed in Additional file 2: Table 
S3-4. Moreover, cell cycle and p53 might be the specific mechanism for resistant birds to 
resist APEC infection. 
 
Conclusion 
    The current study provides novel evidence that, in susceptible birds, T cell 
development, activation, and cell cycle progression are impaired by APEC infection 
through reduced expression of regulatory genes in TCR signaling, while the innate 
immune response is activated through cross-talk among multiple signaling pathways. 
Infection with APEC induces very few transcriptomic differences between challenged-
resistant and non-challenged birds. Taken together, the transcriptome analysis of thymus 
tissue during APEC infection demonstrates that both T cell development and immune 
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response mechanisms concurrently contribute to avian resistance to APEC infection. 
Moreover, many genes, especially TLR4, CD40, CD3Z, were identified as potential 
markers for host resistance to APEC infection. The CAM pathway might be a major local 
tissue repair mechanism after APEC infection. These findings contribute to the 
knowledge of the transcriptomic response in the thymus of genes that are involved in the 
earliest phases of the immune response to APEC, including those that drive the 
subsequent cellular immune reaction. The current study is foundational to the 
identification of genetic variation that differentiates birds that are susceptible or resistant 
to the pathological effects of APEC. 
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TABLES 
Table 1  Numbers of Significantly Differentially Expressed Genes (FDR<5% & FC>1.5) 
Effects Contrast # of DE genes # of ↑ DE genes # of ↓ DE genes 
Pathology 
level  
  Susceptible vs. Non-infected birds 158 89 69 
1 dpi  Susceptible vs. Resistant birds 23 19 4 
  Resistant vs. Non-infected birds 4 2 2 
  Susceptible vs. Non-infected birds 3061 2162 899 
5 dpi  Susceptible vs. Resistant birds 3816 2640 1176 
  Resistant vs. Non-infected birds 3 0 3 
Time effect 
 5 dpi vs. 1 dpi susceptible birds  2563 2089 474 
 5 dpi vs. 1 dpi resistant birds  3 3 0 
 5 dpi vs. 1 dpi non-infected birds 2 2 0 
Note: FC, fold change; dpi, days post-infection; #, number; DE, differentially expressed. 	  
Table 2  Quantitative PCR Validation 
Gene Contrast qPCR RNA-seq 
  IL7 
             Susceptible vs. Resistant birds at 5 dpi  +3.05* +2.36* 
             5 dpi vs. 1 dpi susceptible birds   +4.17** +2.36* 
  IL7R 
             Susceptible vs. Non-infected birds at 5 dpi +4.16*   +3.14** 
             Susceptible vs. Resistant birds at 5 dpi   +4.30**   +2.55** 
             5 dpi vs. 1 dpi susceptible birds   +5.11**   +2.66** 
  LCK              Susceptible vs. Resistant birds at 1 dpi -2.11*  -1.56** 
 ZAP70              Susceptible vs. Non-infected birds at 5 dpi -3.33*  -1.66** 
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Table 2 (continued) 
 
             Susceptible vs. Resistant birds at 5 dpi -3.42*  -1.87** 
             5 dpi vs. 1 dpi susceptible birds -3.51*  -2.45** 
CD3Z 
             Susceptible vs. Non-infected birds at 5 dpi     -1.89  -2.13** 
             Susceptible vs. Resistant birds at 5 dpi     -1.94     -1.83* 
             5 dpi vs. 1 dpi susceptible birds     -1.57   -2.45** 
  IL18 
             Susceptible vs. Non-infected birds at 5 dpi    +4.40** +2.89* 
             Susceptible vs. Resistant birds at 5 dpi    +4.39**   +5.17** 
             5 dpi vs. 1 dpi susceptible birds    +5.43** +2.93* 
  IL8 
             Susceptible vs. Non-infected birds at 5 dpi  +3.00*   +4.11** 
             Susceptible vs. Resistant birds at 5 dpi    +3.38**   +3.94** 
             5 dpi vs. 1 dpi susceptible birds    +2.95**   +2.91** 
 IFNGR 
             Susceptible vs. Non-infected birds at 5 dpi  +1.96*   +1.67** 
             Susceptible vs. Resistant birds at 5 dpi  +1.86*   +1.74** 
             5 dpi vs. 1 dpi susceptible birds  +1.98*   +1.59** 
NOD1              Susceptible vs. Resistant birds at 5 dpi  +2.07*   +1.68** 
  LIG4 
             Susceptible vs. Non-infected birds at 5 dpi -4.29* -1.91* 
             Susceptible vs. Resistant birds at 5 dpi -3.53*   -1.99** 
             5 dpi vs. 1 dpi susceptible birds -3.82*   -2.10** 
 TLR6 
             Susceptible vs. Non-infected birds at 5 dpi +3.45*   +4.56** 
             Susceptible vs. Resistant birds at 5 dpi +2.96* +3.12** 
             5 dpi vs. 1 dpi susceptible birds   +4.11** +3.14** 
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Note: Fold change between contrasts presented in third and fourth column. + values indicate higher 
expression in the first group, - values indicate higher expression in the second group. ** means P value < 
0.01 in qPCR and RNA-seq, * represents P value < 0.05 in qPCR and RNA-seq.  
 
	  
Figure 1.	  	  Graphical representation of experimental design 
There were three levels of experimental variables: challenge status, necropsy day, and 
pathology level of infected birds. The numbers of birds per treatment group are given, 
and the six studied groups are indicated in bold.  
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Figure 2.  Types of reads and total mapped reads distribution 
A: The raw, clean, total mapped, and unique mapped reads in each of the six treatment 
groups. NC1, day 1 non-challenged birds; NC5, day 5 non-challenged birds; R1, day 1 
resistant birds; R5, day 5 resistant birds; S1, day 1 susceptible birds; S5, day 5 susceptible 
birds. B: The total mapped reads distribution of the thymus transcriptome. 
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Figure 3. Principal component plot 
Across the entire dataset of differentially expressed genes, PCA was used to test the 
spatial distribution of the six treatment groups. Different colors are used to illustrate each 
treatment group. D1_NC, non-challenged birds at 1 day post infection (dpi); D1_R, 
resistant birds at 1 dpi; D1_S, susceptible birds at 1 dpi; D5_NC, non-challenged birds at 
5 dpi; D5_R, resistant birds at 5 dpi; D5_S, susceptible birds at 5 dpi. 
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Figure 4.  Significantly changed pathways in different contrasts 
The upper bar chart means the significantly induced pathways while the lower bar chart 
indicates the significantly suppressed pathways. The Y axis is adjusted p value which is 
processed by the –log 10. The number on the bar chart represents the numbers of the 
significantly differentially expressed genes that involved in the induced or suppressed 
pathways.  
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Figure 5. Toll-like receptor (TLR) signaling pathway 
Red = significantly up-regulated differentially expressed genes. Green = significantly 
down-regulated differentially expressed genes. dpi, day post-infection; FC, fold change; 
FDR, false discovery rate. 
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Figure 6.  T cell receptor (TCR) signaling pathway 
Red = significantly up-regulated differentially expressed genes. Green = significantly 
down-regulated differentially expressed genes. S, susceptible birds; NC, non-challenged 
birds; R, resistant birds; dpi, day post-infection; FC, fold change; FDR, false discovery 
rate.  
 
 
 
Additional file 
Additional file 1: Table S1. Primers sequence for qPCR validation.  
Additional file 2: Table S1. Differentially expressed genes that involved in the 
significantly changed pathways in the contrast of Susceptible vs. Non-challenged at day 
Gene$name$ S$vs.$NC$at$5$dpi$ S$vs.$R$at$5$dpi$ 5$vs.$1$dpi$in$S$
FC$ FDR$ FC$ FDR$ FC$ FDR$
LAT2$ :2.02$ 2.99E:02$ NA$ NA$ NA$ NA$
PDCD1$ :1.51$ 3.83E:02$ :1.62$ 1.06E:02$ :2.06$ 2.18E:04$
CTLA4$ 2.65$ 1.28E:02$ NA$ NA$ 2.58$ 1.69E:02$
ZAP70$ :1.66$ 7.71E:03$ :1.87$ 5.54E:04$ :1.55$ 2.82E:02$
GRAP2$ :1.66$ 1.24E:02$ :1.79$ 2.60E:03$ :1.81$ 3.76E:03$
CD4$ NA$ NA$ NA$ NA$ :1.66$ 2.00E:02$
CD3D$ NA$ NA$ NA$ NA$ :1.65$ 2.08E:02$
CD3Z$ :2.12$ 1.77E:03$ NA$ NA$ NA$ NA$
LCK$ NA$ NA$ :1.56$ 7.26E:03$ NA$ NA$
NFATC2$ 1.94$ 3.52E:02$ NA$ NA$ NA$ NA$
NFATC1$ NA$ NA$ 1.77$ 3.84E:02$ 2.30$ 3.50E:03$
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1. Table S2. Differentially expressed genes that involved in the significantly changed 
pathways in the contrast of day 5 vs. day 1 of Susceptible birds. Table S3. Differentially 
expressed genes that involved in the significantly changed pathways in the contrast of 
Susceptible vs. Non-challenged at day 5. Table S4. Differentially expressed genes that 
involved in the significantly changed pathways in the contrast of Susceptible vs. 
Resistant at day 5.  
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CHAPTER 4. NOVEL PATHWAYS REVEALED IN BURSA 
OF FABRICIUS TRANSCRIPTOME IN RESPONSE TO 
EXTRAINTESTINAL PATHOGENIC ESCHERICHIA COLI 
INFECTION 
A paper published in PLOS ONE 
Hongyan Sun10, Peng Liu11, Lisa K. Nolan12, Susan J. Lamont10, 13 
Abstract 
    Extraintestinal pathogenic Escherichia coli (ExPEC) has major negative impacts on 
human and animal health. Recent research suggests food-borne links between human and 
animal ExPEC diseases with particular concern for poultry contaminated with avian 
pathogenic E. coli (APEC), the avian ExPEC. APEC is also a very important animal 
pathogen, causing colibacillosis, one of the world’s most widespread bacterial diseases of 
poultry. Previous studies showed marked atrophy and lymphocytes depletion in the bursa 
during APEC infection. Thus, a more comprehensive understanding of the avian bursa 
response to APEC infection will facilitate genetic selection for disease resistance. Four-
week-old commercial male broiler chickens were infected with APEC O1 or given saline 
as a control. Bursas were collected at 1 and 5 days post-infection (dpi). Based on lesion 
scores of liver, pericardium and air sacs, infected birds were classified as having mild or 
severe pathology, representing resistant and susceptible phenotypes, respectively. 	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Twenty-two individual bursa RNA librar- ies were sequenced, each yielding an average 
of 27 million single-end, 100-bp reads. There were 2469 novel genes in the total of 
16,603 detected. Large numbers of significantly differentially expressed (DE) genes were 
detected when comparing susceptible and resis- tant birds at 5 dpi, susceptible and non-
infected birds at 5 dpi, and susceptible birds at 5 dpi and 1 dpi. The DE genes were 
associated with signal transduction, the immune response, cell growth and cell death 
pathways. These data provide considerable insight into potential mechanisms of 
resistance to ExPEC infection, thus paving the way to develop strategies for ExPEC 
prevention and treatment, as well as enhancing innate resistance by genetic selection in 
animals. 
 
Introduction 
   Avian pathogenic Escherichia coli (APEC), a subpathotype of the extraintestinal 
pathogenic E. coli (ExPEC) pathotype, can infect many avian species (chickens, turkeys, 
and ducks) worldwide as a primary or secondary pathogen [1]. Three predominant 
serogroups, APEC O1, O2, and O78, account for 15-60% of total APEC isolates [2, 3]. 
Syndromes caused by APEC include localized or systemic infections, collectively known 
as colibacillosis [4]. Recent findings dem- onstrate that there are significant genetic 
similarities and disease-causing traits and abilities between APEC and human ExPEC [5-
7] and that APEC-like organisms may contaminate retail poultry meat [8]. Altogether, 
these findings suggest that some APEC are capable of caus- ing such human diseases as 
urinary tract infections, sepsis and neonatal meningitis following ingestion or handling 
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contaminated poultry products [8-10]. Control of APEC, therefore, is highly desirable for 
reasons of both animal and human health. 
    Antimicrobial drugs were extensively utilized in the past in poultry to treat, prevent 
and control colibacillosis. However, consumers are expressing increasing concerns about 
antimi- crobial use in animal production, and drugs available to producers, such as 
fluoroquinolones, are increasingly restricted, forbidden or scrutinized for use in poultry 
production. Additionally, multi-antibiotic resistant bacteria are emerging [11]. 
Vaccination, too, has its limitations, with many providing only serotype-specific 
protection against APEC [12, 13]. Consequently, genetic selection for birds that are 
innately resistant against APEC presents a more efficient and permanent way to control 
APEC infection. To accomplish this goal, however, a better understanding of host 
immunological responses and genetic resistance mechanisms are needed. 
    The Bursa of Fabricius, a major site for B cell proliferation and diversification, is a 
unique immune tissue of birds compared to mammals [14, 15]. The primary function of 
the bursa is to provide the environment in which bursal cells undergo rearrangement of 
the immunoglobulin gene V(D)J segments to generate B cell receptors and mature B cells 
[14-16]. Thus, the Bursa of Fabricius has a major role in normal development of avian B 
cell lineage specification and commitment and, therefore, a major role in effective 
antibody response in host defense. IgY can be effective in defense against colibacillosis 
[17] and Clostridium perfringens infection [18]. IgY- and IgM- containing plasma cells 
abundantly occurred in bursa in broiler chickens that were vaccinated with Newcastle 
disease virus (NDV) vaccine [19]. Also, marked atrophy of bursa was observed in natural 
colibacillosis of broiler chickens [20] and the relative weights of bursa was dramatically 
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decreased at 1 day post-inoculation [21]. B lymphocytes were greatly depleted in bursa 
after 1 day post-infection in colibacillosis of white leghorn, as assessed by histology [21]. 
The crucial functions of the bursa in colibacillosis, therefore, led us to characterize the 
bursa transcriptome in response to APEC infection to help design better strategies to 
control APEC. 
    Moreover, the chicken is a unique model organism in contrast to mammals, in that 
birds possess a bursa of Fabricius, enabling detailed study of maturing B cell activity 
during APEC infection, which offers useful insights into ExPEC pathogenesis. The aim 
of the study was to identify genes and pathways that are differently expressed in 
susceptible versus resistant chick- ens to aid our understanding of the genetic control of 
APEC pathology. 
 
Materials and Methods  
Ethics statement  
    All animal care and experimental procedures were reviewed and approved by the 
Institutional Animal Care and Use Committee of Iowa State University (Log #11-07-
6460-G). 
Animal study 
    In this RNAseq study, we used four birds each for susceptible and resistant groups at 1 
dpi and 5 dpi, and three birds each for non-challenged groups at 1 dpi and 5 dpi, totalling 
22 samples. At four weeks of age, 288 commercial broiler male birds were challenged 
with 0.1 ml APEC O1 (108 colony-forming units) into the left thoracic air sac. This large 
number was used to enable a clear separation of resistant from susceptible phenotypes. 
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Control birds were injected with 0.1 ml of phosphate buffered saline (PBS) via the same 
route. Bursas were harvested at 1 and 5 days post-infection (dpi). For the sample 
collection times, the early day (1 dpi) was to assess the immediate response to infection 
[22] while 5 dpi was the time of maximal symptoms [5]. Based upon necropsy-scored 
lesions on the liver, pericardium, and air sacs, the challenged birds were assigned to mild 
or severe pathology categories, representing resistant and suscepti- ble phenotypes, 
respectively. The lesion scores for the liver, pericardium, and air sacs were 0-2, 0-2, and 
0–3, respectively, as described by Peighambari et al. [23]. Birds were categorized as 
resistant (mild lesions) if the sum of the three lesion scores for that individual totaled 0 to 
2; birds were categorized as susceptible (severe lesion) if the lesion scores totaled 5 to 7. 
Table 1 displays the lesion score and body weight information for each bird of this 
RNAseq study. Six treatment groups, therefore, were generated: non-challenged birds at 
1 or 5 dpi, challenged-resistant birds at 1 or 5 dpi, and challenged-susceptible birds at 1 
or 5 dpi (Fig 1). Detailed information on the APEC O1 strain and experimental 
procedures was previously published [24, 25]. 
RNA Extraction, cDNA Library Preparation, and RNA sequencing  
    Bursas stored in RNAlater were subjected to total RNA extraction using the Ambion 
MagMAX-96 Kit (AM1839) (Applied Biosystems, Foster City, CA) according to the 
manufacturer’s directions. To assess the quality and quantity of RNA, the Agilent 2100 
Bioanalyser (Agilent Technologies) was used to generate an RNA Integrity Number 
(RIN). The RIN score of all RNA samples was greater than 8.0. Total RNA (0.1-4 µg) 
was used for library preparation. Twenty-two RNA samples (4 per each challenged 
group, and 3 per each non-challenged group) were processed to produce 22 individual 
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cDNA libraries using the Illumina TruSeq 1 RNA Sample Preparation v2 Kit per the 
manufacturer’s instructions (Protocol: #15026495, May 2012). Libraries were quantitated 
using the Qubit1 Quantitation Platform and HS dsDNA kit (Invitrogen, Paisley, UK). To 
control for lane and batch effects, each lane contained a sample from each of the six 
treatment groups. Four lanes of an Illumina1 HiSeq 2000 instru- ment at DNA facility in 
Iowa State University (ISU) were used to generate a total of 537.2 million 100bp single-
end reads. Demultiplexed fastq files were generated using Illumina CASAVA software. 
Reads Quality Control, Alignment, and HTseq-count 
    Quality control of reads was implemented through FastQC software (version 0.10.1) 
with a Phred score of 32. Fastx toolkit software (http://hannonlab.cshl.edu/fastx_toolkit/) 
was used to trim the adaptor. Then, sequencing reads were aligned to the Ensemble 
Gallus gallus 4.0 reference genome through the TopHat software (version 2.0.9) and 
Bowtie (2.1.0) with default parameters. The gene abundance was determined using the 
HTseq software (version 0.5.4p3) in Python to calculate the raw reads number for each 
gene. The RNAseq data can be obtained from the Gene Expression Omnibus (GEO) 
database with the accession number GSE70334. 
Differentially Expressed (DE) Genes, Sample Similarity, and Pathways Enrichment 
   We applied the R package, edgeR (version 3.0.8), for the statistical analysis of the 
summarized reads. More specifically, the TMM method was used for between-library 
normalization, and the generalized linear model analysis was used to detect DE genes 
based on negative binomial models. Genes were declared as DE with the false discovery 
rate (FDR) controlled at 5% [26] and fold change greater than 1.5. Analysis consisted of 
the genes with more than 0 cpm in at least 3 samples in each treatment. Principal 
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component analysis (PCA) was applied to the log2 transformed normalized data to 
examine sample variability of the expression profiles through Qlucore Omics Explorer 
(v3.0). The DE genes were used to conduct GO and pathway analysis through the GOseq 
package (version 1.10.0) [27] with FDR controlled at 5%. 
Candidate Gene Validation by qPCR 
Ten DE genes identified by RNA-seq were selected for individual qPCR analysis to 
validate the RNA-seq results. Total RNA was extracted from the same individual samples 
used in RNA-seq. Primers of the selected genes were obtained from the sequences from 
NCBI and PRIMER 3 [28], except the primer of pIgR that was from the study of 
Lammers et al. [29]. The detailed information regarding primers for each selected gene 
was given in S1 Text. qPCR kits were from Qiagen. The qPCR amplification was carried 
out with 25 µl reaction mixture including primer, template, QuantiTect SYBR Green RT-
PCR Master Mix, QuantiTect RT Mix, and RNase-free water. Cycle conditions were: 30 
min at 50°C reverse transcription and 15 min at 95°C PCR initial activation step, then 40 
cycles of 15 seconds denaturation at 94°C, 30 seconds annealing at 59°C, and 30 sec 
extension at 72°C. The housekeeping gene encoding 28S rRNA was used to normalize 
the start concentration of RNA for the following reasons: (1) 28S rRNA is considered 
representative of mRNA integrity and its expression tends to be less affected by 
treatments that significantly alter mRNA expression [30]. (2) 28S rRNA is the most 
stable gene in different tissues, different development stages, and over a range of 
temperatures [31]. (3) The qPCR results of our previous studies on APEC showed 28S 
rRNA was stable in challenged and non-challenged samples by using spleen and 
leukocytes [24, 25]. Samples from each bird were analyzed in triplicate. The adjusted 
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cycle threshold (Ct) values were obtained by using the following equation: 40 - [Ct target 
mean + (Ct 28S median - Ct 28S mean) (slope of target/slope of 28S)]. Data were 
analyzed by JMP statistical software (SAS Institute Inc., Cary, NC). Differences in Ct 
values between different treatments were used to measure the relative fold changes in 
gene expression. 
 
Results 
Sequencing of Bursal Transcriptomes 
To characterize the bursal transcriptomes in response to APEC infection, mRNA of bursa 
sam- ples were collected from the six treatment groups. After library construction and 
sequencing, RNAseq produced 14-33 million reads total for 21 libraries. One library had 
108 million reads, which may be an artifact resulting from too many products in the PCR 
amplification step of cDNA library construction, an assumption supported by a high 
number of duplicate reads. After removing the adaptor and testing quality, an average of 
80.35% reads were uniquely mapped to the chicken reference genome Gallus gallus 4 
(Fig 2). The coverage is approximately 80% per library for reads fully within a gene and 
about 20% for reads partly within a gene (Fig 3). A total of 16,603 genes were detected 
and 2,469 of those were novel genes. After the removal of genes with low reads (genes 
with 0 read counts in at least three samples in each treatment group), 11,169 genes were 
included for further statistical analysis. 
Sample Variability and Detected DE Genes  
   To visualize the pattern of relatedness of the treatment groups, all samples were 
subjected to PCA (Fig 4). There was a clear separation of challenged-susceptible birds at 
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5 dpi from the other five treatment groups. The resistant and the non-challenged birds at 1 
or 5 dpi, and the susceptible birds at 1 dpi, were tightly clustered, except for one outlier, 
suggesting that there was a very similar gene expression pattern between the resistant and 
non-challenged birds, as well as the susceptible birds at 1 dpi. 
   Nine two-way contrasts were generated based on the detectible effects of pathology and 
time post-infection factors (Table 2). Large numbers of DE genes were enriched in three 
con- trasts: susceptible vs. non-challenged birds at 5 dpi, susceptible vs. resistant birds at 
5 dpi, and 5 dpi vs. 1 dpi in susceptible birds (Table 2); the other contrasts had few DE 
genes (N<25). These results indicate the unique nature of the challenged-susceptible 
birds’ response at 5 dpi. There was little difference in the bursal transcriptome between 
challenged-resistant and non- challenged birds on either 1 or 5 dpi. Moreover, the 
transcriptomes of susceptible, resistant, and non-challenged birds at 1 dpi differed very 
little. There was also little effect of time post- infection in challenged-resistant and non-
challenged birds. 
   Fig 5 shows the shared and unique DE genes of the three contrasts, susceptible vs. non-
challenged birds at 5 dpi, susceptible vs. resistant birds at 5 dpi, and 5 dpi vs. 1 dpi in 
susceptible birds. Sixty-seven DE genes were co-expressed in the three contrasts, 
including 62 up-regulated genes and 5 down-regulated genes. The concordance of the 
direction of expression of the shared DE was 100% in the three contrasts. A total of 646 
DE genes (371 up-regulated and 275 down-regulated) were shared in expression in 
susceptible vs. non-challenged birds at 5 dpi and susceptible vs. resistant birds at 5 dpi. 
And a total of 2435 DE genes (1296 up-regulated and 1139 down-regulated) were 
uniquely expressed in susceptible vs. non-challenged birds at 5 dpi. 
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GO Term Assignment 
    GO analysis was conducted to identify the main biological processes in which DE 
genes from the three major contrasts were involved: susceptible vs. non-infected birds at 
5 dpi, susceptible vs. resistant birds at 5 dpi, and susceptible birds at 5 vs. 1 dpi. Overall, 
similar significant GO terms were detected in the contrast of susceptible vs. non-
challenged birds at 5 dpi and of susceptible vs. resistant birds at 5 dpi. These GO terms 
included regulation of cell proliferation, cellular response to stress, cell cycle, DNA 
replication, and phosphate metabolic process. However, many immune response 
significant GO terms were involved in the contrast of 5 dpi vs. 1 dpi in susceptible birds. 
These GO terms were positive regulation of leukocyte activation, positive regulation of 
cell activation, positive regulation of immune system process, defense response to 
bacterium, and leukocyte differentiation. 
Analysis of Significantly Changed Pathways 
   The up- and down-regulated DE genes in the contrast of susceptible vs. non-challenged 
birds at 5 dpi, of susceptible vs. resistant birds at 5 dpi, and of 5 dpi vs. 1 dpi in 
susceptible birds were separately analyzed to detect the significant pathways, with FDR 
controlled at 5%. For the up-	  regulated DE genes, four pathways were significantly 
changed for the contrast of susceptible vs. non-challenged birds at 5 dpi and three of the 
four significant pathways were identified in susceptible vs. resistant birds at 5 dpi (Table 
3). The four significantly enriched pathways were mainly related to defense mechanism 
and signal transduction: cytokine-cytokine receptor interaction, lysosome, cell adhesion 
molecules (CAM), and apoptosis (Table 3). Except the CAM pathway, the up-regulated 
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DE genes in the contrast of 5 dpi vs. 1 dpi in susceptible birds had specific enriched 
pathway, transforming growth factor-beta (TGF-beta) signaling 
(Table 3). For down-regulated DE genes, three significant pathways, cell cycle, B cell 
receptor signaling, and p53 signaling pathway, were identified in both susceptible vs. 
non-challenged birds at 5 dpi and susceptible vs. resistant birds at 5 dpi (Table 3). 
qPCR data analysis 
    The qPCR assays were conducted to validate eleven selected DE genes from RNAseq, 
which were BLNK, BTK, CASP3, CASP10, CD28, IFNG, CD3Z, ZAP70, LCK, FAS, 
and PIGR. Strong correlation was observed between qPCR and RNAseq results for these 
genes. Pearson’s correla- tion of the fold changes between qPCR and RNAseq was 0.95. 
While controlling the type I error rate at 5% (p-value < 0.05), the qPCR results indicated 
that the expression of all the 11 genes was consistent in significance and fold changes 
with that shown by RNAseq (Table 4). 
 
Discussion 
   This novel experiment characterized changes in the chicken bursal transcriptome 
associated with two extreme pathology (lesion) levels in response to APEC infection, as 
well as differences between non-infected and challenged birds. The large number of 
infected birds (N = 288) enabled us to identify a sufficient range of lesion scores to 
separate distinct pathology groups. The total lesion score distribution for infected birds 
reported in previous published papers [24]. At 1 dpi, the total lesion score distribution 
was nearly normal, with few extreme birds [24]. At 5 dpi, however, the distribution 
became right skewed [24] as the number of high total lesion birds increased significantly. 
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    Classification of resistant and susceptible birds by lesion scores was confirmed by the 
PCA of the transcriptome results in which the 5 dpi susceptible birds were distinct from 
the resistant and non-challenged birds. Few DE genes were detected in the contrasts at 1 
dpi (Table 1), which is consistent with the PCA results. These results suggest that bursal 
cells are mainly involved in the adaptive immune response, which is not activated as 
early as 1 dpi. Therefore, we detected little difference at 1 dpi among susceptible, 
resistant, and non-challenged birds. 
    Three contrasts generated large numbers of DE genes (N > 25): susceptible vs. non-
challenged birds at 5 dpi, susceptible vs. resistant birds at 5 dpi, and 5 dpi vs. 1 dpi 
susceptible birds (Table 2). The 62 shared, up-regulated DE genes of these three contrasts 
were mainly related to immune function, such as lymphocyte cytosolic protein 2 
(SLP76), IL2-inducible T-cell kinase (ITK), lymphoid enhancer-binding factor 1 (LEF-
1), and immunoglobulin-like domain containing receptor 1 (ILDR1) (data in S2 Text). 
The five down-regulated DE genes of the three contrasts were tyrosine-protein kinase 
(BTK), squalene synthase (FDFT1), hemopexin (HPX), and two novel genes. These 
findings differ from the results of spleen and caecum after Salmonella infection [32, 33], 
although many immune genes were also detected in Matulova et al. study. In the 
Matulova et al., [32, 33] study, the discovered immune genes were IgG, IRG1, IL-22, 
IFNγ, iNOS, IL-1β, which significantly changed under Salmonella infection in spleen and 
caecum. The different results between the Matulova et al. and the current study may have 
arisen because of the differences in the tissues studied, the bacterium used for chal- lenge, 
and the genetics of the chickens. 
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   APEC has several infection routes. The main route of infection is inhalation of 
contaminated dust through the respiratory system [34]. From the respiratory tract, APEC 
can quickly enter into the bloodstream and colonize the internal organs including lung, air 
sac, and liver [35]. Based on lesion scores (Table 1), it was clear that septic infection 
occurred in the challenged birds. Colony counts were not performed on all tissues, so the 
bursa itself may not have been colonized in all birds, however, many studies report local 
involvement of the bursa in colibacillosis [20, 21]. 
   The significantly changed pathways detected for the three major contrasts were in 
strong agreement with our hypothesis of alteration in B cell proliferation and 
differentiation. The B cell receptor (BCR) signaling and cell cycle were significantly 
suppressed in susceptible vs. non-challenged birds at 5 dpi and susceptible vs. resistant 
birds at 5 dpi (Table 3). The BCR signaling pathway is essential to trigger orchestrated 
intracellular signaling cascades, resulting in B cell proliferation, differentiation, survival 
and activation [36, 37]. The BCR is a heterotrimeric complex including Ig α (CD79A) 
and Ig β (CD79B) whose tail immunoreceptor tyrosine-based activation motif (ITAM) is 
essential to signal transduction [38, 39]. The ITAM is phosphorylated by Src-family 
kinase (SFK), LYN, and binds to kinase SYK [40-42]. After SYK activation, the adaptor 
protein B-cell linker (BLNK) is phosphorylated and serves as a scaffold to assemble 
other components: Bruton’s tyrosine kinase (BTK) and VAV [42-44]. The VAV and 
BTK can further lead to RAC and PLC γ pathway, respectively. 
    In the current study, genes CD79B, BTK, BLNK, BLK, VAV were all significantly 
down-regulated in susceptible vs. non-challenged birds at 5 dpi. And, importantly, three 
of these genes (BTK, BLNK, and BLK) were also identified as differently expressed in 
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susceptible vs. resistant birds at 5 dpi. These results, together with the known 
involvement of the bursa and immunoglobulins in defense against colibacillosis [17, 21], 
suggest that the BCR signaling pathway is an important mechanism in response to 
APEC-induced pathogenesis. Detailed information on the DE genes was displayed in in 
S3 Text. 
    Although differences in immunoglobulins (IgA, IgM, and IgY) were not detected, the 
expression of the PIGR gene was decreased in susceptible vs. non-challenged birds at 5 
dpi. This gene was also validated to be significantly changed by using qPCR (Table 4). 
The PIGR gene encodes a polymeric Ig receptor that is a key component of secreted IgA 
[45]. Because PIGR binds to conserved areas of IgA, it does not depend on antigen 
specificity [45]. Increasing expression of PIGR in the bursa might be more important than 
upregulating the total number of Ig class genes because the receptor does not require any 
additional specificity. If Ig class gene specificity increases outside the bursa, then more 
receptors will be needed for Ig transcytosis. Thus, the decreased expression of PIGR in 
the bursa of susceptible birds may indicate a defective mechanism in response to APEC. 
   Many defense pathways were significantly induced in susceptible vs. non-challenged 
birds at 5 dpi, including cytokine-cytokine receptor interaction, lysosome, CAM, and 
apoptosis pathways (Table 3). The lysosome, CAM and apoptosis pathways were 
previously identified in leu- kocytes of APEC-infected susceptible birds compared to 
non-challenged birds at 5 dpi [25]. The lysosome, CAM, and cytokine-cytokine receptor 
interaction pathway were also signifi- cantly changed in susceptible vs. resistant birds at 
5 dpi (Table 3). Thus, the lysosome and apoptosis are implicated as two common 
pathways of response to APEC in susceptible birds. The significantly changed cytokine-
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cytokine receptor interaction pathway suggests that these soluble factors are a mechanism 
of signaling to or by the bursa to enable systemic effects in response to APEC sepsis. The 
DE genes involved in each of the before mentioned significant pathways were described 
in S3 Text. 
    Apoptosis, a major cell death process, plays an essential role in organismal growth and 
tissue homeostasis [46, 47]. Cell apoptosis has been associated with APEC infection in 
many studies: Gao et al. [48] found that APEC-induced apoptosis occurred in chicken 
embryo intes- tinal cells; Horn et al. [49] and Bastiani et al. [50] determined that APEC 
infection induces macrophages apoptosis; Sandford et al. [25] reported changes in 
apoptosis-related genes in the challenged-susceptible birds at 5 dpi. The extrinsic 
apoptosis pathway is initiated by the activa- tion of death receptor FAS, a member of the 
tumor necrosis factor (TNF) receptor superfamily [51]. Then, FAS binds to CASP8 or 
CASP10, leading to the activation of the pro-apoptotic proteins BID and BAX through 
tumor suppressor protein p53 [52]. Moreover, Wei et al. demonstrated the JNK pathway 
was initiated during the BAX-mediated apoptosis responses [53]. In the contrast of 
susceptible vs. non-infected birds at 5 dpi in the current study, 15 up-regulated DE genes 
with fold changes of 1.5 to 9.0 participated in the apoptosis pathway, including FAS, 
IL1R, CASP3, CASP10, and CFLAR, (S3 Table). The significant pathways, CAM and 
TGF-beta signaling pathway, were also detected. The TGF-beta signaling pathway has an 
important role in cell growth, cell differentiation, apoptosis, and cellular homeostasis 
[54]. The CAM is critical to development, maintenance of homeostasis, immune and 
inflammatory responses, tissue repair, cell migration, and apoptosis [55-58]. Increased 
expression of many genes in the apoptosis pathway in susceptible birds strongly suggests 
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the importance of this mechanism in the previously reported phenomenon of bursal 
atrophy that accompanies APEC infection [20, 21]. 
   Resistant birds appear to activate the p53 signaling pathway in response to APEC 
infection. The p53 protein, known as a major tumor suppressor, functions to inhibit cell 
proliferation programs through apoptotic cell death and cell cycle arrest [59-61]. 
Moreover, p53 can also accelerate cell differentiation and DNA repair [62]. The CDK1, 
CCNB2, and CCNB3 involved in p53 signaling pathway have important function in 
inhibiting cell proliferation (G2/M transition) and accelerating DNA repair [63, 64]. In 
the current study, total five DE genes (CDK1, CCNB2, CCNB3, CCNE2, and CYC) 
participated in the activated p53 signaling pathway in resistant birds (data in S3 Text). 
These results suggest that the APEC-infected, resistant birds increase cell differentiation 
in the bursa, instead of cell proliferation. 
   In summary, the current study is the first to characterize the transcriptomic responses of 
the bursa, the avian-specific developmental tissue source of B cells, to APEC infection. 
The DE genes involved in the BCR signaling pathway are strong candidates for markers 
for resistant birds. The challenged-susceptible birds exhibited strong suppression of the 
BCR signaling pathway, which may be a major defect causing susceptibility to APEC-
induced pathology. Challenged-susceptible birds also showed induction of many defense 
pathways, including apo- ptosis and lysosome, which may be common pathways for 
susceptible birds in response to APEC infection and pathology. The TGF-beta signaling 
and CAM pathway may function in local tissue repair in the bursa. This study provides 
considerable insight into potential mechanisms of resistance and susceptibility to ExPEC 
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infection, thus paving the way to develop strategies for ExPEC prevention and treatment, 
as well as enhancing innate resistance by genetic selection in animals. 
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TABLES 
Table 1  Lesion Scores, Pathology Class and Phenotype of Bird for Each Sample 
Treatments 
Bird 
number 
Air sac 
scores 
Pericardium 
scores 
Liver 
scores 
Total 
scores 
Pathology 
class 
Phenotype 
Non-
challenged 
birds at 1 dpi 
1 0 0 0 0 None Non-challenged 
2 0 0 0 0 None Non-challenged 
3 0 0 0 0 None Non-challenged 
Non-
challenged 
birds at 5 dpi 
1 0 0 0 0 None Non-challenged 
2 0 0 0 0 None Non-challenged 
3 0 0 0 0 None Non-challenged 
Resistant 
birds at 1 dpi 
1 1 1 0 2 Mild Resistant 
2 0 0 0 0 None Resistant 
3 1 0 0 1 Mild Resistant 
4 1 0 0 1 Mild Resistant 
Resistant 
birds at 5 dpi 
1 0 1 0 1 Mild Resistant 
2 0 0 0 0 None Resistant 
3 0 0 0 0 None Resistant 
4 1 1 0 2 Mild Resistant 
Susceptible 
birds at 1 dpi 
1 2 2 1 5 Severe Susceptible 
2 3 2 1 6 Severe Susceptible 
3 2 2 1 5 Severe Susceptible 
4 2 2 2 6 Severe Susceptible 
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Table 1 (continued) 
Susceptible 
birds at 5 dpi 
1 3 2 2 7 Severe Susceptible 
2 3 2 2 7 Severe Susceptible 
3 3 2 2 7 Severe Susceptible 
4 3 2 2 7 Severe Susceptible 
Note: dpi, day post-infection. 
 
Table 2  Numbers of Significantly Differentially Expressed (DE) Genes with FDR<5% 
& FC>1.5 
Treatment contrast # of DE genes # of ↑ DE genes # of ↓ DE genes 
   Susceptible vs. Non-challenged birds at 1 dpi 25 6 19 
   Resistant vs. Non-challenged birds at 1 dpi 2 0 2 
   Susceptible vs. Resistant birds at 1 dpi 2 2 0 
   Susceptible vs. Non-challenged birds at 5 dpi 3165 1743 1422 
   Resistant vs. Non-challenged birds at 5 dpi 1 1 0 
   Susceptible vs. Resistant birds at 5 dpi 748 456 292 
   5 dpi vs. 1 dpi in susceptible birds  99 91 8 
   5 dpi vs. 1 dpi in resistant birds  1 0 1 
   5 dpi vs. 1 dpi in non-challenged birds  2 2 0 
Note: dpi, day post-infection; #, number; ↑, up-regulated; ↓, down-regulated. 
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Table 3  Significantly Changed Pathways in Different Contrasts 
Contrast 
Up-regulated DE genes Down-regulated DE genes 
Pathway name 
Adjusted 
p value 
Pathway name 
Adjusted 
p value 
Susceptible vs. 
Non-challenged 
birds at 5 dpi 
gga04060: Cytokine-
cytokine receptor 
interaction 
1.41E-05 gga04110: Cell cycle 5.19E-11 
gga04142: Lysosome  1.63E-03 
gga04662: B cell receptor 
signaling pathway 
1.62E-03 
gga04514: Cell adhesion 
molecules (CAMs) 
3.52E-03 gga04115: p53 signaling 
pathway 
4.93E-03 
gga04210: Apoptosis 3.64E-02 
Susceptible vs. 
Resistant birds 
at 5 dpi 
gga04142: Lysosome 6.52E-03 gga04110: Cell cycle 8.70E-11 
gga04514: Cell adhesion 
molecules (CAMs) 
1.71E-02 
gga04115: p53 signaling 
pathway 
1.93E-03 
gga04060: Cytokine-
cytokine receptor 
interaction 
2.46E-02 
gga04662: B cell receptor 
signaling pathway 
8.27E-03 
5 dpi vs. 1 dpi 
susceptible 
birds 
gga04514: Cell adhesion 
molecules (CAMs) 
1.35E-04 
NA 
gga04350: TGF-beta 
signaling pathway 
4.40E-03 
Note: NA, not available. 
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Table 4  Quantitative PCR Validation 
Gene Contrast qPCR RNA-seq 
  BLNK 
          Susceptible vs. Non-challenged birds at 5 dpi -2.83** -2.30** 
          Susceptible vs. Resistant birds at 5 dpi -2.54** -2.00** 
  BTK 
          Susceptible vs. Non-challenged birds at 5 dpi -2.07** -2.10** 
          Susceptible vs. Resistant birds at 5 dpi -2.81** -1.71** 
          5 dpi vs. 1 dpi  susceptible birds  -3.93** -1.89** 
  CASP3           Susceptible vs. Resistant birds at 5 dpi   +2.22* +1.97** 
  CASP10           Susceptible vs. Non-challenged birds at 5 dpi +2.17** +2.85** 
  CD28 
          Susceptible vs. Non-challenged birds at 5 dpi  +21.95** +27.81** 
          Susceptible vs. Resistant birds at 5 dpi  +18.53** +16.70** 
  IFNG 
          Susceptible vs. Non-challenged birds at 5 dpi   +3.53* +2.81** 
          Susceptible vs. Resistant birds at 5 dpi +4.68** +4.79** 
  CD3Z 
          Susceptible vs. Non-challenged birds at 5 dpi +3.29** +3.55** 
          Susceptible vs. Resistant birds at 5 dpi +3.14* +3.91** 
          5 dpi vs. 1 dpi susceptible birds +5.28** +4.57** 
  ZAP70 
          Susceptible vs. Non-challenged birds at 5 dpi +5.92* +7.97** 
          Susceptible vs. Resistant birds at 5 dpi +7.86** +11.07** 
          5 dpi vs. 1 dpi susceptible birds +6.43** +9.28** 
  LCK 
          Susceptible vs. Non-challenged birds at 5 dpi +4.80** +7.63** 
          Susceptible vs. Resistant birds at 5 dpi +5.47** +8.78** 
          5 dpi vs. 1 dpi susceptible birds +7.68** +8.97** 
  FAS           Susceptible vs. Non-challenged birds at 5 dpi +2.58** +1.74** 
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Table 4 (continued) 
  PIGR           Susceptible vs. Non-challenged birds at 5 dpi -2.96** -4.58** 
Note: Fold change between contrasts presented in third and fourth column. + values 
indicate higher expression in the first group, - values indicate higher expression in the 
second group. ** P value < 0.01, * P value < 0.05 in qPCR and RNA-seq. dpi, days post-
infection. 
 
Supporting Information 
S1 Table. Primers sequence for qPCR validation. (XLSX) 
S2 Table. Shared and unique differentially expressed genes in the contrast of susceptible 
vs. non-challenged birds at day 5, of susceptible vs. resistant birds at day 5, and of day 5 
vs. day 1 susceptible birds. Legends: NA, not available; S5, day 5 susceptible birds; NC5, 
day 5 non-challenged birds; R5, day 5 resistant birds; S1, day 1 susceptible birds. 
(XLSX) 
S3 Table. The differentially expressed genes in each of the significantly changed 
pathways in the three contrasts: susceptible vs. non-challenged birds at day 5, susceptible 
vs. resistant birds at day 5, and day 5 vs. day 1 susceptible birds. (XLSX) 
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Figure 1.  Experimental Design  
Six treatments were generated by challenge status, necropsy time post-infection and 
pathology level of challenged birds: non-challenged birds at 1 or 5 days, challenged 
resistant birds at 1 or 5 days post-infection (dpi), and challenged susceptible birds at 1 or 
5 dpi.  
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Figure 2.  Alignment breakdown plot for all 22 samples 
The horizontal axis indicates the individual samples. The left vertical axis and columns 
show the proportion of reads for each sample with different alignment status. The right 
vertical axis and the line show the total number of reads for each sample. 
 
regulated DE genes, four pathways were significantly changed for the contrast of susceptible vs.
non-challenged birds at 5 dpi and three of the four significant pathways were identified in sus-
ceptible vs. resistant birds at 5 dpi (Table 3). The four significantly enriched pathways were
mainly related to defense mechanism and signal transduction: cytokine-cytokine receptor
interaction, lysosome, cell adhesion molecules (CAM), and apoptosis (Table 3). Except the
CAM pathway, the up-regulated DE genes in the contrast of 5 dpi vs. 1 dpi in susceptible birds
had specific enriched pathway, transforming growth factor-beta (TGF-beta) signaling
(Table 3). For down-regulated DE genes, three significant pathways, cell cycle, B cell receptor
signaling, and p53 signaling pathway, were identified in both susceptible vs. non-challenged
birds at 5 dpi and susceptible vs. resistant birds at 5 dpi (Table 3).
qPCR data analysis
The qPCR assays were conducted to validate eleven selected DE genes from RNAseq, which
were BLNK, BTK, CASP3, CASP10, CD28, IFNG, CD3Z, ZAP70, LCK, FAS, and PIGR. Strong
Fig 2. Alignment breakdown plot for all 22 samples. The horizontal axis indicates the individual samples. The left vertical axis and columns show the
proportion of reads for each sample with different alignment status. The right vertical axis and the line show the total number of reads for each sample.
doi:10.1371/journal.pone.0142570.g002
Bursa Transcriptome Analysis ExPEC Infection
PLOS ONE | DOI:10.1371/journal.pone.0142570 November 10, 2015 7 / 17
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Figure 3.  Graphical mapping summary with distribution of mapped reads across the 
regions of the genome 
The x-axis indicates the individual samples and the y-axis shows the percentage of reads 
mapping to a region of the genome. 
correlation was observed between qPCR and RNAseq results for these genes. Pearson’s correla-
tion of the fold changes between qPCR and RNAseq was 0.95. While controlling the type I
error rate at 5% (p-value< 0.05), the qPCR results indicated that the expression of all the 11
genes was consistent in significance and fold changes with that shown by RNAseq (Table 4).
Discussion
This novel experiment characterized changes in the chicken bursal transcriptome associated
with two extreme pathology (lesion) levels in response to APEC infection, as well as differences
between non-infected and challenged birds. The large number of infected birds (N = 288)
enabled us to identify a sufficient range of lesion scores to separate distinct pathology groups.
The total lesion score distribution for infected birds reported in previous published papers
[24]. At 1 dpi, the total lesion score distribution was nearly normal, with few extreme birds
[24]. At 5 dpi, however, the distribution became right skewed [24] as the number of high total
lesion birds increased significantly.
Fig 3. Graphical mapping summary with distribution of mapped reads across the regions of the genome. The x-axis indicates the individual samples
and the y-axis shows the percentage of reads mapping to a region of the genome.
doi:10.1371/journal.pone.0142570.g003
Bursa Transcriptome Analysis ExPEC Infection
PLOS ONE | DOI:10.1371/journal.pone.0142570 November 10, 2015 8 / 17
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Figure 4.  Principle component analysis (PCA) 
The PCA scatter plot of all 22 samples was generated by using Qlucore Omics Explorer 
v3.0 to evaluate the variability of RNAseq data. The first principle component accounted 
for 63% of the total variation in the data. The second and third principle components 
represented 26% and 5% of the overall variation in the data, respectively. D5_S, 
susceptible birds at 5 days post-infection (dpi); D5_R, resistant birds at 5 dpi; D5_NC, 
non-challenged birds at 5 dpi; D1_S, susceptible birds at 1 dpi; D1_R, resistant birds at 1 
dpi; D1_NC, non-challenged birds at 1 dpi. 
 
 
 
D5_S%
D1_NC%+%D1_R%+%D1_S%+%D5_NC%+%D5_R%
D1_NC%
D1_R%
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Figure 5.  Shared and unique significantly differentially expressed (DE) genes 
Shared and unique significantly differentially expressed (DE) genes in the three contrasts 
of susceptible vs. non-challenged birds at 5 days post-infection (dpi), of susceptible vs. 
resistant birds at 5 dpi, and of 5 dpi vs. 1 dpi susceptible birds. ↑, up-regulated; ↓, down-
regulated; N, number. 
 
 
 
 
Although differences in immunoglobulins (IgA, IgM, and IgY) were not detected, the
expression of the PIGR gene was decreased in susceptible vs. non-challenged birds at 5 dpi.
This gene was also validated to be significantly changed by using qPCR (Table 4). The PIGR
gene encodes a polymeric Ig receptor that is a key component of secreted IgA [45]. Because
PIGR binds to conserved areas of IgA, it does not depend on antigen specificity [45]. Increasing
expression of PIGR in the bursa might be more important than upregulating the total number
of Ig class genes because the receptor does not require any additional specificity. If Ig class gene
specificity increases outside the bursa, then more receptors will be needed for Ig transcytosis.
Thus, the decreased expression of PIGR in the bursa of susceptible birds may indicate a defec-
tive mechanism in response to APEC.
Many defense pathways were significantly induced in susceptible vs. non-challenged birds
at 5 dpi, including cytokine-cytokine receptor interaction, lysosome, CAM, and apoptosis path-
ways (Table 3). The lysosome, CAM and apoptosis pathways were previously identified in leu-
kocytes of APEC-infected susceptible birds compared to non-challenged birds at 5 dpi [25].
Fig 5. Shared and unique significantly differentially expressed (DE) genes in the three contrasts of susceptible vs. non-challenged birds at 5 days
post-infection (dpi), of susceptible vs. resistant birds at 5 dpi, and of 5 dpi vs. 1 dpi susceptible birds. ", up-regulated; #, down-regulated; N, number.
doi:10.1371/journal.pone.0142570.g005
Bursa Transcriptome Analysis ExPEC Infection
PLOS ONE | DOI:10.1371/journal.pone.0142570 November 10, 2015 11 / 17
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Supplemental information 
S1 Text. Title: Primers Sequence for qPCR Validation. 
 
S2 Text. Title: Unique and Shared Differentially Expressed (DE) Genes in the Contrast of 
Susceptible vs. Non-challenged birds at day 5, of Susceptible vs. Resistant birds at day 5, 
and of day 5 vs. day 1 Susceptible birds. 
Legends: NA, not available; S5, day 5 susceptible birds; NC5, day 5 non-challenged 
birds; R5, day 5 resistant birds; S1, day 1 susceptible birds. 
 
S3 Text. Title: The Differentially Expressed (DE) Genes in Each of the Significantly 
Changed Pathways in the Three Contrasts: Susceptible vs. Non-challenged birds at day 5, 
Susceptible vs. Resistant birds at day 5, and day 5 vs. day 1 Susceptible birds. 
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CHAPTER 5. COMBINED ANALYSIS OF PRIMARY 
LYMPHOID TISSUES’ TRANSCRIPTOMIC RESPONSE 
TO EXTRAINTESTINAL ESCHERICHIA COLI 
INFECTION 
A paper reviewed in Developmental and Comparative Immunology 
Hongyan Sun14, Peng Liu15, Lisa K. Nolan16, Susan J. Lamont14 
Abstract 
Avian pathogenic Escherichia coli (APEC), an extraintestinal pathogenic Escherichia 
coli (ExPEC), constitutes an animal health and a potential zoonotic risk. Most studies 
focus on the response of a single tissue to APEC infection. Understanding interactions 
among lymphoid tissues is of importance in controlling APEC infection. Therefore, we 
studied bone marrow, bursa, and thymus transcriptomes because of these tissues’ crucial 
roles in development of pre-lymphocytes, T cells, and B cells, respectively. Using lesion 
scores of liver, pericardium, and air sacs, infected birds were classified as either resistant 
or susceptible. Little difference in gene expression was detected in resistant birds in bone 
marrow versus bursa or thymus, while there were large differences between tissues in 
susceptible birds. Phagosome, lysosome and cytokine interactions were strongly 
enhanced in thymus versus bone marrow in susceptible birds, and T cell receptor (TCR), 
cell cycle, and p53 signaling were significantly decreased. B cell receptor (BCR) was 	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also significantly suppressed in bursa versus bone marrow in susceptible birds. This 
research provides novel insights into the complex developmental changes in gene 
expression occurring across the primary lymphoid organs and, therefore, serves as a 
foundation to understanding the cellular and molecular basis of host resistance to APEC 
infection. 
Key words: ExPEC, primary lymphoid tissues, bone marrow, bursa, and thymus. 
 
Introduction 
    Extraintestinal pathogenic Escherichia coli (ExPEC) is a major cause of human 
diseases and economic loss in animals (Watt et al., 2003; Ewers et al., 2004; Rodriguez-
Siek et al., 2005). Avian pathogenic Escherichia coli (APEC), a subset of ExPEC, can 
cause both localized and systemic infection, collectively known as colibacillosis (Dho-
Moulin and Fairbrother, 1999; Nolan et al., 2013). The genomic structure of APEC is 
highly similar to that of human ExPEC, offering strong evidence of significant zoonotic 
risk of APEC (Johnson et al., 2007; 2008; 2009). Also, animal health and increasing 
concern about food security have created an urgent need to understand the host immune 
mechanisms in response to systemic APEC infection. 
   Most studies have focused on gene expression patterns of a single tissue under different 
infection conditions by using microarray or RNAseq technology (Nie et al., 2012; 
Sandford et al, 2011; 2012). Only one study has utilized the transcriptome data of 
multiple tissues (spleen and peripheral blood leukocytes) from the same individual birds 
to identify the common response patterns and connecting pathways (Sandford et al., 
2012). Although single-tissue gene expression can provide fundamental information 
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about how a single tissue responds to infection, the interactions among tissues form a 
major mechanism used by the host to resist a complex disease. Therefore, integration of 
data across different tissues from the same individuals can provide more comprehensive 
insight into the functional genomics of the host immune system’s response to disease. 
Understanding the interactions among different primary lymphoid tissues in hosts with 
systemic APEC infection will benefit animal health, food safety, and economically 
sustainable production of animal-derived foods. 
  Previous studies have reported that lymphocytes were greatly depleted in both bursa and 
thymus 1 day post-infection (dpi) during colibacillosis of white Leghorn chickens 
(Nakamura et al., 1986). There is also marked atrophy of bursa and thymus in natural 
colibacillosis of broiler chickens (Nakamura et al., 1985), indicating the important role of 
lymphocytes during APEC infection. Bone marrow is the reservoir of lymphocyte 
progenitors (Cormier et al., 1993; Vainio and Imhof, 1995) that migrate to the bursa and 
thymus. The bursa and thymus are primary lymphoid organs in chickens that provide the 
developmental environment for B and T cells, respectively (Cooper et al., 1966). 
Consequently, it is important to study the interaction between the bone marrow and both 
bursa and thymus simultaneously to understand host immune response under APEC 
infection. Studying gene expression changes in bone marrow at 1 dpi versus bursa and 
thymus at 5 dpi may allow additional insight into gene expression changes related to 
lymphocyte migration.  
   In the present study, we used the non-challenged birds as the baseline to detect the 
differentially expressed (DE) genes between bone marrow and either bursa or thymus of 
birds with the same pathology level, across identical and different times of tissue harvest, 
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post-infection. This study can lead to a better understanding of how a host’s primary 
lymphoid tissues interact with each other to respond to the systemic APEC infection. 
 
Materials and Methods 
Experiment and data collection 
    In brief, commercial male broilers at four weeks of age were injected with APEC O1 
or phosphate buffered saline (PBS) through intra-air sac injection. Tissues were collected 
at 1 and 5 dpi. Based upon the sum of lesion scores of liver, air sac, and pericardium, 
birds were categorized as either resistant (mild lesion) or susceptible (severe lesion) 
phenotypes. A total of six treatment groups were, therefore, generated: non-challenged 
birds at 1 and 5 dpi, challenged-resistant birds at 1 and 5 dpi, and challenged-susceptible 
birds at 1 and 5 dpi. More detailed information about the experiment, RNA isolation, 
cDNA construction, and sequencing can be found in previously published studies 
(Sandford et al., 2011 and 2012; Sun et al., 2015). Four individual animals were used for 
each of the six treatment groups of bone marrow, thymus, and bursa, except that three 
animals were used for the non-challenged bursa samples at 1 and 5 dpi, totaling 24 
individually sequenced libraries for bone marrow and thymus, and 22 for bursa. Tissues 
were collected from the same birds under the same experimental conditions. Previously 
described RNAseq experiments separately analyzed the transcriptome of three tissues: 
bone marrow (Sun et al., 2015), thymus (unpublished results), and bursa (unpublished 
results). The GEO accession numbers of RNAseq data of those three tissues are 
GSE67302, GSE6901, and GSE70334, respectively.  
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Statistical and PCA analysis  
    Seventy samples with raw sequence reads were used to conduct quality control, 
adaptor trim, alignment, and read counts using FastQC (v0.10.1), Fastx toolkit (v0.0.13), 
TopHat (v2.0.9), and HTseq (v0.5.4p3) software, respectively. Then, an output file 
(number of read counts per gene) for each sample was generated. Principal component 
analysis (PCA) was performed using Qlucore Omics Explorer (v3.0) to test sample 
similarity. The genes with reads > 1 from the 70 samples were log2 transformed and 
subjected to normalization (mean = 0 and variance = 1). After removing the tissue-
specific expression factor, the corrected treatment groups were also used to conduct PCA 
to further detect whether tissue-specific similarity still existed. As bursa had fewer 
samples than the other tissues,  12 samples in total were generated after replicate-to-
replicate correction. For bone marrow and thymus, we obtained 16 samples in total after 
correction.  
DE genes and biological analysis 
    Because this study was a split-plot experiment, SAS (v9.4) was used to identify the DE 
genes between bone marrow and either bursa or thymus in both susceptible and resistant 
birds at 1 and 5 dpi using the loge (count+0.1). The counts of genes that were greater than 
1 in each treatment group in the three tissues were included to conduct DE gene analysis 
in bone marrow against bursa and thymus across all combinations of time points. Non-
challenged birds were used as a baseline to eliminate the background of tissue-specific 
expression patterns. For example, to investigate the DE genes between thymus and bone 
marrow at 5 dpi in susceptible birds, the statistical formula for DE genes detection was 
(Thymus of susceptible birds at 5 dpi – Thymus of non-challenged birds at 5 dpi) – (Bone 
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marrow of susceptible birds at 5 dpi – Bone marrow of non-challenged birds at 5 dpi). 
The p value for each gene was corrected by the q value (Storey and Tibshirani, 2003) that 
was generated in the R package (v3.2.0). Genes were declared to be DE if the p- and q- 
value were smaller than 0.05 and fold change > 1.5. Further biological functions and 
significant pathways were conducted using GOseq (v1.10.0) and KEGG. The cutoff was 
an adjusted p value (Benjamini and Hochberg, 1995) < 0.05 for both the significant gene 
ontology (GO) and pathways.  
qPCR validation  
     Total RNA was extracted from each sample of the three lymphoid tissues using 
Ambion MagMAX-96 Kit (AM1839) (Applied Biosystems, Foster City, CA). Primers 
(Supplementary Table 1) were designed to amplify fragments in the qRT-PCR reactions 
using the Primer 3 (Rozen and Skaletsky, 2000) and tested by NCBI primer-BLAST for 
specific amplification. Moreover, primers were designed to span exon-exon boundaries to 
avoid the DNA genome amplification. Reactions of qPCR were conducted by using the 
QuantiTect SYBR Green kit (Qiagen Inc., Valencia, CA) described in Redmond et al. 
(2010). All samples were run in triplicate in qPCR validation. An internal control gene, 
28S, was chosen for normalization. The adjusted cycle threshold (Ct) value was used to 
measure expression level based on the equation: 40 – [Ct target gene mean + (Ct 28S 
median – Ct 28S mean)(slope of target gene/slope of 28S)]. Relative gene expression 
values were calculated using the equation: 2(adjusted Ct value of treatment A – adjusted Ct value of treatment 
B). All data were analyzed by JMP statistical software (SAS Institute Inc., Cary, NC). 
Gene expression fold change and significance in qPCR were compared with RNAseq 
differential expression for different contrasts.  
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Results 
PCA results 
   Seventy samples were used to visualize expression patterns with PCA in different 
treatment groups from different tissues (Fig. 1A). There were no outliers among all the 
samples. Samples from different tissues were clearly separate (Fig. 1A), indicating the 
tissue-specific character of the transcriptome. Moreover, for each tissue, challenged-
susceptible birds were distinctly different from challenged-resistant and non-challenged 
birds, especially the susceptible birds at 5 dpi (Fig. 1A), indicating a unique expression 
pattern exhibited in susceptible birds at 5 dpi. The resistant birds and non-challenged 
birds at 1 dpi and 5 dpi were clustered together for each tissue, demonstrating very 
similar expression profiles between the two different phenotypes of birds. After tissue-
specific expression factor correction, forty-four samples from susceptible and resistant 
birds at 1 and 5 dpi were used to perform PCA (Fig. 1B). No tissue-specific background 
existed after correction (Fig. 1B). Moreover, susceptible birds at 5 dpi were still 
distinguished from resistant birds at 1 and 5 dpi after correction (Fig. 1B). 
DE genes between tissues 
    Analysis of DE genes was performed between bone marrow and thymus, as well as 
between bone marrow and bursa, for both susceptible and for resistant birds across all 
combinations of tissue-harvest times. A total of twelve contrasts were generated based on 
times and phenotypes (Table 1). For the resistant birds, there were few DE genes in the 
bursa at 1 dpi vs. bone marrow at 1 dpi, bursa at 5 dpi vs. bone marrow at 1 dpi, bursa at 
5 dpi vs. bone marrow at 5 dpi, thymus at 1 dpi vs. bone marrow at 1 dpi, thymus at 5 dpi 
vs. bone marrow at 1 dpi, and thymus at 5 dpi vs. bone marrow at 5 dpi (Table 1). These 
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results indicate that systemic APEC infection did not induce significant differences 
between the tissues’ responses, after removing tissue-specific background for resistant 
birds. However, large numbers of DE genes were identified in those same contrasts in 
susceptible birds (Table 1) when the tissue specific expression background was removed. 
Very different responses of tissues to APEC systemic infection were detected in 
susceptible birds.   
   At 1 dpi in susceptible birds, the contrast of bursa vs. bone marrow had 576 DE genes, 
of which 40.10% (231/576) had higher expression in the bursa. Contrasting the bursa at 5 
dpi vs. bone marrow at 1 dpi in APEC-infected susceptible birds, 3902 DE genes were 
detected, of which 67.32% (2627/3902) were expressed more in the bursa. In comparison 
of bursa at 5 dpi against bone marrow at 5 dpi, susceptible birds had 4243 DE genes and 
62.62% (2657/4243) genes had higher expression in the bursa with APEC infection 
(Table 1). These results indicate that more DE genes exhibited increased expression in 
bursa at 5 dpi compared to bone marrow at either 1 or 5 dpi. Also, the same phenomena 
were observed in the APEC-induced response of thymus compared to bone marrow. In 
the contrast of thymus vs. bone marrow, susceptible birds had 986 DE genes at 1 dpi with 
46.96% (463/986) genes highly expressed in the thymus (Table 1). When thymus at 5 dpi 
was contrasted against bone marrow at 1 dpi in susceptible birds, 2777 DE genes were 
identified, and 66.55% (1848/2777) had higher expression in the thymus at 5 dpi (Table 
1). In 5 dpi susceptible birds, 2951 DE genes were identified, and 64.15% (1893/2951) 
had higher expression in thymus in the contrast of thymus vs. bone marrow (Table 1).  
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GO term analysis 
    The DE genes in the contrast of bursa vs. bone marrow and of thymus vs. bone marrow 
at 1 dpi in susceptible birds were mainly enriched in protein folding, rRNA processing, 
cellular protein metabolic process, and response to stress (Fig. 2).  For the contrast of 
bursa vs. bone marrow, and of thymus vs. bone marrow, at 5 dpi in susceptible birds, the 
significant GO terms included DNA damage response, signaling transduction by p53 
class mediator, negative regulation of apoptotic process, leukocyte migration, and cell 
cycle (Fig. 2). In the contrast of bursa at 5 dpi vs. bone marrow at 1 dpi, and of thymus at 
5 dpi vs. bone marrow 1 dpi, the significant DE genes were involved in protein folding, 
cellular protein metabolic process, and DNA damage response, signal transduction by 
p53 class mediator (Fig. 2). 
Significantly changed pathways 
   Lysosome and cytokine-cytokine interaction pathways were significantly induced in 
thymus at 5 dpi compared to bone marrow at 1 dpi (Fig. 3). However, cell cycle, T cell 
receptor (TCR) signaling, and p53 signaling pathways were strongly suppressed in 
thymus at 5 dpi compared to bone marrow at 5 dpi and 1 dpi (Fig. 3). Also, cell cycle and 
B cell receptor (BCR) signaling pathways were highly suppressed in the contrast of bursa 
at 5 dpi against bone marrow at 1 dpi and 5 dpi (Fig. 3). Only the phagosome pathway 
was significantly activated in the contrast of thymus vs. bone marrow at 1 dpi (Fig. 3). 
These results indicate that lysosome, phagosome, and cytokine interaction were the major 
immune responses in thymus early in the response to systemic APEC infection. However, 
the lymphocyte growth and proliferation in bursa and thymus were greatly negatively 
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impacted under systemic APEC infection compared to bone marrow. The DE genes 
involved in the above significant pathways are displayed in Supplementary 2 Table 1-5.  
RNAseq data validation by qPCR 
   Nine significant DE genes (q-value < 0.05 and Fold change > 1.5) were selected to 
validate the RNAseq data: BLNK, AvBD2, AvBD4, AvBD6, CD40, BTK, FAS, IL8, and 
IL7. The qPCR gene expression profile across this gene set corroborated the profile 
detected in RNAseq data in both fold change and significance (Table 2). The correlation 
coefficient between qPCR and RNAseq was 0.92. Although the magnitude of the fold 
change of most candidate genes was slightly lower in qPCR than RNAseq data, the fold 
changes of all genes were greater than 1.5 and significant (p-value < 0.05). 
 
Discussion 
Advantages of combined analysis of multiple tissues 
     This is the first study to identify DE genes by contrasting the systemic APEC-induced 
transcriptome response of bone marrow with that of bursa and of thymus with the aim to 
elucidate the interaction between bone marrow and both bursa and thymus in APEC-
susceptible and resistant birds across two times post-infection. Compared to single tissue 
studies, this study of interaction between primary tissues can more comprehensively 
characterize the key genes and pathways involved in the complex immune response 
mechanisms used by the host against systemic APEC infection. Another unique feature of 
this study was that all data were generated from the same individuals and experimental 
conditions. This contrasts with other studies such as meta-analyses of data obtained from 
different individuals or collected under different experimental conditions (Biswas, et al., 
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2011; Daves et al., 2011; Genini et al., 2011; Te Pas et al., 2012). The current 
experimental design of using tissues from the same animals reduces variation from non-
treatment related sources and therefore helps to refine the clarity of the data analysis.   
Susceptible and resistant birds clearly distinguished by transcriptome 
    Compared to previous studies that only focused on infected and non-infected host 
(Chiang et al., 2008; Li et al., 2010), this experiment was very unique to separate 
infection host into different phenotype. The PCA results demonstrate that susceptible 
birds, especially 5 dpi susceptible birds, were clearly different from resistant and non-
challenged birds. Therefore, it is possible to apply selection for beneficial phenotype 
birds against systemic APEC infection in breeding populations in future. Moreover, it is 
reasonable to use non-infected birds as a baseline to correct for the issue of tissue- 
specific expression, based upon the PCA results of Fig. 1B.  
   Susceptible birds had large numbers of DE genes in bone marrow against bursa and 
thymus at 1 vs. 1 dpi, 5 vs. 1 dpi, and 5 vs. 5 dpi (Table 1). The large differences in gene 
expression were exhibited between bone marrow and bursa or thymus in susceptible 
birds, indicating responses variability and interaction between tissues in susceptible birds 
with systemic APEC infection. The PCA results (Fig. 1A) showed resistant and non-
challenged birds have similar transcriptome patterns, although tissue-specific character of 
the transcriptome remains clear. However, resistant birds had fewer DE genes in bone 
marrow against bursa and thymus at 1 vs. 1 dpi, 5 vs. 1 dpi, and 5 vs. 5 dpi (Table 1) after 
removing the tissue background. These results indicate there was no clear distinction in 
transcriptomic changes among the primary lymphoid tissues across all combinations of 
time points in resistant birds under systemic APEC infection.  
	   178	  
Chicken immune response during APEC infection 
    The innate immune response was revealed as the major mechanism induced in bone 
marrow against bursa and thymus in response to systemic APEC infection. In contrast to 
bone marrow, the major induced mechanisms in bursa and thymus were lysosome, 
phagosome, and avian 𝛽 defensins. Many cell types use phagocytosis to take up bacteria 
(Aderem and Underhill, 1999) and many enzymes in the lysosome pathway are 
associated with phagocytosis. In this current study, many DE genes were involved in the 
phagosome and lysosome pathways (Supplementary 2 Table 1, 3, 4).  
   Avian 𝛽 defensins are the mammalian counterparts of 𝛽-defensins, which have broad 
abilities to inhibit DNA, RNA, and protein synthesis to fight against bacterial infections 
(Sugiarto and Yu, 2004; Hasenstein and Lamont, 2007). Because of the lack of oxidative 
mechanisms in avian heterophils, avian 𝛽 defensins provide a vital function in the innate 
avian defense system. Menendez and Finlay (2007) report that avian 𝛽 defensins 
represent an important bridge between the innate and adaptive immune responses in 
chickens. There are 14 avian 𝛽 defensins with antimicrobial ability to respond to both 
Gram-negative and Gram-positive bacteria (Ganz 2003; Higgs et al., 2005; Lynn et al., 
2007). Xiao et al. (2004) demonstrated that AvBDs 1 to 7 were expressed in bone 
marrow and bursa, and Ma et al. (2009) reported that AvBD2 was moderately expressed 
in thymus. The expression of these genes in lymphoid tissue reinforce their important role 
in immune function.  
   During systemic APEC infection in the current study, several AvBDs were significantly 
enhanced in bursa and/or thymus, relative to bone marrow (Fig. 4). The fold changes of 
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these avian 𝛽 defensins ranged from 7.87 to 48.43, indicating that the defense mechanism 
is extensively enhanced in both thymus and bursa.  
BCR signaling pathway in bursa versus bone marrow 
   The BCR signaling pathway was significantly suppressed in bursa at 5 dpi compared to 
bone marrow at 1 dpi and 5 dpi, in susceptible birds with systemic APEC infection. BCR 
signaling plays a vital role in immune B cell development and maturation. The BCR 
interacts with CD79A and CD 79B to form a heterotrimeric complex (Reth 1989; Yao et 
al., 1995; Johnson et al., 1995). Then the Src-family kinase phosphorylates the BCR 
complex, including BLK, FYN, LCK, and LYN (Burkhardt et al., 1991; Yamanashi et 
al., 1991; Clark et al., 1992). The BCR complex then binds to kinase SYK (e.g., PTPN6), 
after binding TEC, BLNK, BTK, VAV (Saijo et al., 2003; Kurosaki et al., 1995; Fu et al., 
1998; Joseph et al., 2013; Alsadeq et al., 2014). Thereafter, three pathways are activated 
to further impact gene transcription: PI3K→ IKK→ IkB→ NFKB1/REL pathway, 
PLCG1 pathway, and Ras→ MEK2→ ERK→ FOS/JUN pathway.  
   In the current study, many genes encoding transcription factors or key proteins involved 
in BCR signaling were much more lowly expressed in the bursa at 5 dpi contrasted with 
bone marrow at 1 dpi in susceptible birds. These genes included BTK, PIK3CD, IKBKB, 
NFKBIA, MAP2K2, and PRKCB (Supplementary 2 Table 1). BCR signaling was not 
impacted in bursa at 1 dpi, but this pathway was strongly impaired in bursa at 5 dpi 
compared to bone marrow at 1 or 5 dpi. The lower expression of B lymphocyte related 
genes in bursa at 5 dpi compared with bone marrow at 1 dpi suggests impairment of 
precursor B cell migration from bone marrow to bursa over this critical post-infection 
time as one of the major mechanisms determining susceptibility to APEC. Future 
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validation of this assumption by determining cell population dynamics in susceptible 
birds between bursa and bone marrow is warranted. 
TCR signaling pathway in thymus versus bone marrow 
   The TCR signaling pathway, similar to the BCR signaling pathway, was also 
significantly suppressed in thymus at 5 dpi contrasted with bone marrow at 1 and 5 dpi. 
TCR signaling is an essential factor for development and maturation of immune T cells. 
There are two pathways for T cell receptor signaling, In one, the TCR/CD3 complex can 
recruit various proteins, including ZAP70, LAT2, and VAV1, to further initiate the 
PLCG1 pathway and thereby affect gene transcription (e.g., FOS and JUN) (Kane et al., 
2000; Wang et al., 2010; Fischer et al., 1998; Smith-Garvin et al., 2009).  The other is the 
PI3K→ IKK→ NFkB pathway (Riha and Rudd, 2010; Sigrid et al., 2014). 
   Most genes controlling transcription or coding crucial proteins involved in TCR 
signaling were significantly more lowly expressed in the thymus at 5 dpi than bone 
marrow at either time in susceptible birds in the current study; these included FYN, TEC, 
VAV1, MAP2K2, MAPK13, MAPK12, MAP3K8, CARD11, JUN, PIK3CD, and 
PIK3R5 (Supplementary 2 Table 4 and 5). These results are consistent with an 
impairment of migration from bone marrow to thymus of immune cell precursors in 
susceptible birds. Additional validation of this assumption of cell population dynamics in 
thymus against bone marrow in susceptible birds is warranted. 
Cell cycle and p53 signaling pathway 
   The cell cycle pathway was greatly suppressed in thymus and in bursa compared to 
bone marrow at all time contrasts (Fig. 3). Control of DNA replication and replication 
checkpoints are important to maintain genome stability and prevent various diseases (Han 
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et al., 2015). During APEC infection, many lowly expressed DE genes in susceptible 
birds in the above contrasts were involved in cell cycle interphase (G1, S, G2), and M 
phase (Supplementary 2 Table 1-5). These results suggest that cell division and growth 
were significantly impaired in thymus and bursa compared to bone marrow in susceptible 
birds. Moreover, the p53 signaling pathway in infected birds was also highly suppressed 
in thymus at 5 dpi compared to bone marrow at both times (Supplementary 2 Table 4-5). 
The p53 signaling pathway has an important function in inhibiting cell proliferation and 
accelerating DNA repair (Samba-Louaka et al., 2008; Di Agostino et al., 2006). These 
results further indicate that the growth and proliferation of lymphocytes in the thymus 
were greatly impaired in susceptible birds with systemic APEC infection.  
 
Conclusion 
   This study utilized tissues from the same individual birds to investigate and establish 
gene activity relationships between bone marrow and both the bursa and thymus to better 
understand host immune response mechanisms at the earliest developmental stages of 
immune cells. We jointly analyzed RNAseq data from bone marrow, thymic, and bursal 
tissue of the same infected and non-infected birds to determine the relationships among 
the primary lymphoid tissues’ transcriptomic responses. The challenged-susceptible 
birds’ unique expression pattern was much different than that of challenged-resistant 
birds across the tissues. There were few differences in gene expression between bone 
marrow and either bursa or thymus in resistant birds. In susceptible birds, however, 
extensive immune responses (phagosome, lysosome, and avian 𝛽 defensins) were 
activated in bursa and thymus compared to bone marrow. Many lymphocyte growth and 
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proliferation pathways were impaired in thymus and bursa in comparison to bone marrow 
in susceptible birds. The current study offers insights into defective mechanisms that may 
be responsible for susceptibility to systemic APEC infection, including marked down-
regulation of TCR and BCR signaling, as well as cell proliferation and differentiation. 
This study sheds light on the complex interactions of primary lymphoid tissues in birds 
with systemic APEC infections and, therefore, serves as a foundation for further 
understanding of the cellular and molecular basis of host resistance to APEC. 
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TABLES 
Table 1  Numbers of significantly differentially expressed (DE) genes, contrasting tissues 
and times of post-infection tissue harvest in resistance and in susceptible birds 
(p-value < 0.05, q-value < 0.05, and fold change > 1.5) 
Phenotype Tissue contrast Time contrast # of DE Genes # of ↑ DE Genes # of ↓ DE Genes 
Resistant 
Birds 
Bursa vs. 
Bone marrow 
1 dpi vs. 1 dpi 4 2 2 
5 dpi vs. 5 dpi 0 0 0 
5 dpi vs. 1 dpi 2 1 1 
Thymus vs. 
Bone marrow 
1 dpi vs. 1 dpi 5 2 3 
5 dpi vs. 5 dpi 0 0 0 
5 dpi vs. 1 dpi 5 1 4 
Susceptible 
Birds 
Bursa vs. 
Bone marrow 
1 dpi vs. 1 dpi 576 231 345 
5 dpi vs. 5 dpi 4243 2657 1586 
5 dpi vs. 1 dpi 3902 2627 1275 
Thymus vs. 
Bone Marrow 
1 dpi vs. 1 dpi 986 463 523 
5 dpi vs. 5 dpi 2951 1893 1058 
5 dpi vs. 1 dpi 2777 1848 929 
Note: #, number; ↑, higher expressed; ↓, lower expressed. dpi, day post-infection. 
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Table 2  Comparison of quantitative PCR and RNAseq 
Gene Contrast qPCR RNA-seq 
BLNK Bursa at 5 dpi vs. Bone marrow at 5 dpi -6.87* -4.33** 
BTK Bursa at 5 dpi vs. Bone marrow at 1 dpi -1.67** -1.91** 
AvBD2 
Bursa at 5 dpi vs. Bone marrow at 1 dpi +12.46* +26.35* 
Bursa at 5 dpi vs. Bone marrow at 5 dpi +8.89* +11.17* 
Thymus at 1 dpi vs. Bone marrow at 1 dpi +22.57** +25.79* 
Thymus at 5 dpi vs. Bone marrow at 1 dpi +16.24** +17.99* 
AvBD4 
Bursa at 5 dpi vs. Bone marrow at 1 dpi +13.37** +24.32** 
Bursa at 5 dpi vs. Bone marrow at 5 dpi +8.21* +13.33** 
AvBD6 
Thymus at 5 dpi vs. Bone marrow at 1 dpi +24.48** +48.43** 
Thymus at 5 dpi vs. Bone marrow at 5 dpi +8.96** +18.96** 
CD40 
Bursa at 5 dpi vs. Bone marrow at 5 dpi +4.42** +2.57* 
Thymus at 5 dpi vs. Bone marrow at 1 dpi +3.22** +2.64* 
FAS 
Bursa at 5 dpi vs. Bone marrow at 1 dpi +5.63* +4.01** 
Thymus at 5 dpi vs. Bone marrow at 1 dpi +3.46** +5.41** 
Thymus at 1 dpi vs. Bone marrow at 1 dpi +5.12** +4.14** 
Thymus at 5 dpi vs. Bone marrow at 5 dpi +3.86* +2.24* 
IL15 
Bursa at 5 dpi vs. Bone marrow at 1 dpi +4.69* +3.03** 
Thymus at 1 dpi vs. Bone marrow at 1 dpi +2.16* +2.92* 
Thymus at 5 dpi vs. Bone marrow at 1 dpi +4.14** +5.54** 
Thymus at 5 dpi vs. Bone marrow at 5 dpi +4.92* +3.15** 
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Table 2 (continued) 
IL7 
Bursa at 5 dpi vs. Bone marrow at 1 dpi +14.88** +9.70** 
Thymus at 5 dpi vs. Bone marrow at 1 dpi +5.12** +7.66** 
Thymus at 1 dpi vs. Bone marrow at 1 dpi +2.67** +2.74* 
Note: Fold change between contrasts presented in third and fourth column. + values 
indicate higher expression in the first group, - values indicate higher expression in the 
second group. ** means p- and q-value < 0.01 in qPCR and RNA-seq, respectively. * 
represents p- and q-value < 0.05 in qPCR and RNA-seq, respectively. dpi, day post-
infection. 
 
 
Figures 
	  
Figure 1.  Three-dimensional scatter plot PCA  
A. The distribution of 70 samples in the six treatment groups in the three tissues. B. The 
distribution of the corrected 44 samples. BM, bone marrow; T, thymus; Bu, bursa; D1, 1 
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day post-infection; D5, 5 days post-infection; NC, non-challenged birds; R, resistant 
birds; S, susceptible birds. 
 
	  
Figure 2.  Top five significant biological process GO terms between bone marrow and 
both bursa and thymus at the same or different day(s)  
The X axis is –log 10 (Benjamini and Hochberg adjusted p value). The Y axis is the name 
of GO terms. DE, differentially expressed. dpi, day post-infection. 
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Figure 3.  Significantly changed pathways in different contrasts  
The upper bar chart shows the significantly induced pathways while the lower bar chart 
shows the significantly suppressed pathways. The Y axis is the adjusted p value which is 
processed by the –log 10. The numbers on the bar chart represents the numbers of 
significantly differentially expressed genes involved in the induced or suppressed 
pathways. dpi, day post-infection. 
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Figure 4.  The differentially expressed genes related to avian 𝛽 defensins in different 
contrasts  
The X axis is the gene name and Y axis is the fold change of the genes. dpi, day post-
infection. 
 
 
Supplementary 1 
Table 1: Primer Sequences for qPCR Validation 
 
Supplementary 2 
Table 1: Significantly differentially expressed genes involved in significantly changed 
pathways in the contrast of bursa at 5 days post-infection (dpi) vs. bone marrow at 1 dpi. 
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Table 2: Significantly differentially expressed genes involved in significantly changed 
pathways in the contrast of bursa at 5 days post-infection (dpi) vs. bone marrow at 5 dpi. 
 
Table 3: Significantly differentially expressed genes involved in significantly changed 
pathways in the contrast of thymus at 1 day post-infection (dpi) vs. bone marrow at 1 dpi. 
 
Table 4: Significantly differentially expressed genes involved in significantly changed 
pathways in the contrast of thymus at 5 days post-infection (dpi) vs. bone marrow at 1 
dpi. 
 
Table 5: Significantly differentially expressed genes involved in significantly changed 
pathways in the contrast of thymus at 5 days post-infection (dpi) vs. bone marrow at 5 
dpi. 
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CHAPTER 6. GENERAL DISCUSSION, CONCLUSIONS, 
AND FUTURE DIRECTIONS 
Distinct phenotype birds associated with APEC infection  
   This was a novel study that was much different from previous experiments that only 
focused on the comparison between challenged and non-challenged birds (Chiang et al., 
2008; Li et al., 2010). The ingenious design of the experiment was using summed lesion 
scores to classify two extreme pathology levels in infected birds: severe lesions 
(susceptible) and mild lesions (resistant). A large number of commercial male broiler 
chickens were assigned into the challenged group to obtain a wide distribution of 
summed lesion score (0 - 7) phenotypes to separate the two extreme pathology groups 
(mild and severe) (Chapter 2).  
   From the PCA results in chapters 2-4, it is clear that the challenged-susceptible birds at 
5 dpi were easily distinguishable from the challenged-resistant and non-challenged birds 
at 1 dpi and 5 dpi, although, some susceptible birds at 1 dpi were grouped with the 
susceptible birds at 5 dpi. These results suggest that the challenged-susceptible birds at 5 
dpi exhibited transcriptomic changes that were distinct from the challenged-resistant and 
non-challenged birds. The challenged-susceptible birds had a unique gene expression 
profile that diverges over time (1 to 5 dpi) from that of challenged-resistant and non-
challenged birds. However, the challenged-resistant birds and non-challenged birds at 1 
dpi and 5 dpi were clustered together, demonstrating similar transcriptional profiles 
between challenged-resistant and non-challenged birds (Chapter 2-4).  
    All the above results showed that genetic variation existed in the same commercial 
broiler line in response to APEC, and that this inherent variation may be manipulated to 
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enhance resistance to infection and colibacillosis. Considering the important role of B 
and T lymphocytes in APEC infection (Nakamura et al., 1985; 1986) and the specific 
tissues’ functions, this transcriptome study of bone marrow, bursa, and thymus sheds 
light on how the lymphoid tissues responded to systemic APEC infection at very early 
stage in different phenotype birds. This information helps to identify targets for 
enhancement of response by modulation of gene function. In this project, we identified 
many important siginificnat DE genes that invlolved in the crucial pathways in the 
primary lymphoid tissues. We can also look at whether these genes strongly interact with 
APEC virulence genes or factors through RNAi or knock out technology. Approaches 
might include administering vaccine or cytokines, selecting breeders for the beneficial 
gene expression, or doing gene editing.  
Variable changes in different lymphoid tissues under systemic APEC infection 
    This study on the primary lymphoid tissues is very unique in avian immunology 
because of the function of these tissues. Bone marrow contains the pluripotent 
hematopoietic stem cells which provide an essential environment of two main categories 
of white blood cells: the lymphoid and myeloid lineages (Murphy, 2012). The lymphoid 
lineage can be further developed into B, T, and natural killer cells (Kondo et al., 1997; 
Murphy, 2012). The myeloid lineage can become macrophages, granulocytes, mast cells, 
and dendritic cells (DCs) (Gabrilovich et al., 2012; Murphy, 2012). All the above cells 
are essential to the innate and adaptive immune responses. Moreover, the cells in bone 
marrow are the primordial cells that have not been under a major influence by 
developmental cytokines and other factors that would be present in the peripheral 
lymphoid organs. The thymus provides an appropriate environment for the development, 
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differentiation, and maturation of T cell precursors that migrate into it from bone marrow 
(Rose, 1979). The bursa of Fabricius, a unique anatomic immune organ in birds, is the 
reservoir of B cell precursors’ development, differentiation, and maturation (Thompson 
and Neiman, 1987; Reynaud et al., 1987). The B cell precursors migrate to the bursa from 
bone marrow. Because of the crucial function of the primary lymphoid tissues, they are 
well-suited to study early host response to APEC infection. It is, therefore, significant and 
attractive to study the primary lymphoid tissues’ transcriptomic modulation of the 
immune response against APEC infection in chicken. This is the first study focused on 
the primary lymphoid tissues to investigate the initial phases of immune response to 
APEC infection. By investigating the expression profile of different phenotypes of birds 
at different time points, we have comprehensively characterized the primary lymphoid 
tissues’ transciptomic response to APEC infection.  
   In this project we have characterized the transcriptional responses in chicken primary 
lymphoid tissues (bone marrow, bursa, and thymus) to infection with APEC. We detected 
a wide range of DE genes in the bone marrow, bursa and thymus in challenged-
susceptible birds compared to challenged-resistant and non-challenged birds at 5 dpi 
(Chapter 2-4). The detection of DE genes in different contrasts of different tissues 
indicates that APEC infection can significantly affect host primary lymphoid tissues’ 
transcriptome, and that responses vary widely among tissues and over time. Moreover, 
many significantly changed immune-related pathways contributed to the different 
responses to APEC in the primary lymphoid tissues; and these varied by degree of 
susceptibility to infection, and between susceptible and non-challenged birds at two times 
post-infection. These results, therefore, demonstrated that the combinatorial action of 
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multiple genes, as well as immune-related significant pathways, all play essential roles in 
the host’s primary lymphoid tissues’ immune response mechanisms to APEC infection.  
New insight into tissues’ combined action under systemic APEC infection 
   At the whole-animal level, the combined action of, and interactions among, tissues are 
major host immune mechanisms to resist the APEC complex disease. By integrating the 
data from different tissues, we can more comprehensively define the functional genomics 
of the host immune system in response to pathogens, which will help us better control 
and prevent the APEC disease. The chicken has distinct anatomical organs for primary 
immune tissues: bone marrow, bursa and thymus. The T and B cell precursors in bone 
marrow need to further migrate into thymus and bursa, respectively, to develop into the 
mature T and B cells. It is, therefore, valuable to use this known relationship between 
bone marrow and bursa, and between bone marrow and thymus to detect the DE genes 
between these two pairs of tissues to better understand the interaction among primary 
lymphoid tissues. This also sheds light on host response mechanisms at the earliest 
developmental stages of the immune cells. In chapter 5, gene expression changes were 
detected in bone marrow compared to bursa and to thymus across all combinations of 
time points in both challenged-susceptible and challenged-resistant birds. The non-
challenged birds were used as the baseline to remove tissue specific background gene 
expression. The aspect of this novel experimental design and analysis was that the tissues 
were harvested from the same individual birds (Chapter 5). 
    The PCA results validate that the samples from each of the three tissues (bone marrow, 
bursa, and thymus) were clearly separated with each other, indicating the tissue-specific 
character of the transcriptome (Chapter 5).  In resistant birds, there were few detectable 
	   202	  
DE genes in bone marrow compared to bursa and to thymus across all combinations of 
time points; however, large-scale DE genes were identified in susceptible birds in the 
same contrasts (Chapter 5). The more highly expressed DE genes in bursa and thymus at 
5 dpi compared to bone marrow at 1 dpi and 5 dpi in susceptible birds were involved in 
extensive defense response, catabolism and signal transduction pathways under systemic 
APEC infection. However, the TCR and BCR pathways were greatly impacted in 
susceptible birds, which supports the hypothesis of impairment of precursor cell 
migration from bone marrow to thymus and bursa, respectively. Further studies are 
needed to validate this hypothesis. The study in chapter 5 sheds light on the complex 
developmental changes in gene expression among the primary lymphoid tissues, as well 
as the mutual interaction of the tissues under systemic APEC infection in different 
phenotype birds.  
Limitations of the research 
    Although this project provides the scientific community with many novel insights into 
the primary lymphoid tissues response to APEC, as well as the tissues’ interactions, some 
specific limitations existed in this research. One of these limitations is the choice of 
phenotypes to classify the birds. The summed lesion score was selected to characterize 
the overall response of the whole birds to APEC infection. It would provide additional 
information to enumerate the bacterial load in various tissues, to have a quantitative 
measure of the persistent colonization of each tissue. The transcriptomic study was well 
conducted and used appropriate controls. However, similar to most studies of its type, it 
is essentially descriptive of the gene expression profiles under the different conditions. A 
subset of genes was tested to confirm expression levels by qPCR, indicating that the 
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RNA-seq differences are reliable. Further studies could explore the mechanisms of 
immunity to systemic APEC infection based on the hypotheses generated from the results 
of the current study. Another limitation is that we only sequenced the mRNA. It is 
possible to extract both mRNA and miRNA from the total RNA. Then, one could 
construct the cDNA libraries of total RNA, mRNA, and miRNA separately. After 
sequencing each of the three types of libraries, one could analyze the relationship 
between mRNA and miRNA, and between mRNA and long non-coding RNA.  
       Another limitation of this project is lack of measurement of cell content. This limits 
the ability to draw conclusions about the source of the gene expression changes being 
from transcriptional changes of the same cells, differences in cell content of the tissue, or 
a combination of both. Moreover, we used injection APEC via the airsac instead of the 
trachea in this study.  In a natural route of infection, the bacteria must pass through the 
trachea to reach the airsac. Using the airsac inoculation may have bypassed some 
important responses that occur in the trachea. However, given that our analysis was of 
tissues distant from either site, we do not expect this to be a major shortfall.. Also, the 
poor state of the functional annotation of genes within the chicken genome is another 
limitation of this project. The incomplete state of the chicken genome makes it difficult to 
be sure that gene annotations are correct and it limits the network analyses of 
differentially expressed genes. In chapter 2, 3, 4, and 5, we detected thousands of DE 
genes, but many of them were not annotated. The incomplete nature of the chicken gene 
annotation may cause us to miss potentially useful information during analysis. The 
global animal genome scientific community is actively attempting to address this issue 
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through the FAANG (Functional Annotation of Animal Genomes) project: 
http://faang.org/ 
Future research directions 
    Alternative splicing, a major contributor and driving force to cellular diversity, can 
alter RNA processing (multiple mRNA variants or isoforms), stability, localization, as 
well as protein diversification (Barbosa-Morais et al., 2012). It has ability to generate a 
variety of isoforms with unique biological property from a single gene via exon inclusion, 
intron retention, and alternative splice site usage, which can greatly enrich the 
transcriptome diversity (Wang et al., 2008; Pan et al., 2008). Alternative splicing was 
detected to occur in more than 95% and 60% multi-exon genes in human and Drosophila, 
respectively (Graveley et al., 2011). Studying the differential splicing, therefore, is 
critical to understand the mechanisms of alternative splicing and its regulation between 
different conditions, uncovering structural and functional diversity. This approach may be 
especially relevant to apply to the rapidly differentiating immune cell populations.  
   RNAseq is a powerful tool to characterize alternative splicing to understand the 
complexity of the transcriptome and its regulation. Chacko and Ranganathan (2009) 
reported 23% of chicken genes underwent alternative splicing. Currently, few research 
papers report on chicken alternative splicing in different tissues by using RNAseq 
technology. Only one research paper was found to use chicken DT40 cells to study 
alternative splicing (Zhou et al., 2014). Therefore, the current RNAseq data from the 
three primary lymphoid tissues can be used to elucidate the landscape of alternative 
splicing in bone marrow, thymus, and bursa under APEC infection. 
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    Moreover, a “systems biology approach” can be used to identify the concordance in 
gene-expression differences associated with systemic APEC infection among the primary 
lymphoid tissues. The “systems biology approach” means that the gene co-expression 
network will provide an additional degree of insight into the cooperation among tissues 
and serve as a complement and refinement of the traditional methods. As we had the 
RNAseq data of bone marrow, bursa, and thymus and all the data were from the same 
individual birds and experimental design, the “systems biology approach” study will, 
therefore, transcend any single tissue’s study to understand the cellular and molecular 
basis of host resistance to systemic APEC infection. The “systems biology approach” is 
different from the approach used in Chapter 5. In Chapter 5, we detected the differential 
expression genes between tissues, whereas the “systems biology approach” is to identify 
the co-expression pattern among tissues.  
   Genome wide association studies (GWAS) are extensively used to detect quantitative 
trait loci (QTL) by using different types of SNP genotype chips and different phenotype 
traits (Groenen et al., 2011; Kranis et al., 2013). Currently, GWAS has been successfully 
used with many economically important traits in chickens (Wolc et al., 2013; 2014). We 
can also use GWAS to locate host genomic elements controlling the response to APEC 
infection using the 600K chicken SNP panel (Affymetrix). The choice of the resource 
population that is used in GWAS study is very important. A backcross between two 
inbred lines in the UK and an F22 generation advanced intercross line in the US is 
currently being used to do GWAS analysis of traits of response to APEC. The use of 
genetically independent populations in the UK and US offers an excellent opportunity to 
cross-validate resistance-associated loci. We can compare whether the important genes 
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identified in this project are also in regions detected in GWAS study, which will generate 
additional confidence about the involvement of these genes because they are both 
positional and functional (gene expression) candidates. Then, we can focus on the co-
expressed DE genes and disease-associated single nucleotide polymorphisms to identify 
APEC-related genes and pathways.  
    Transcriptional regulation is a major source of phenotypic variation, i.e., it is not 
changes in amino acid sequence that is the major driving factor but rather when and 
where a gene is expressed (Montgomery et al., 2011). Characterizing the allele-specific 
expression (ASE) is one method to identify a specific candidate gene with SNP variation 
in a RNA sample (Montgomery et al., 2011), which can reflect the cis-acting regulatory 
element or genetic influence. Recently, ASE screening has been used to demonstrate a 
large number of genes associated with Marek’s disease infection (MacEachern et al., 
2011; Perumbakkam et al., 2013). This technique identifies coding SNPs as potential 
markers located within the same transcriptional unit as a defined gene.  
    The allele-specific expression (ASE) approach could also be used to identify 
biomarkers for APEC infection. It is important to use an appropriately designed research 
population. Inbred lines or lines that diverge for the specific traits of interest should be 
reciprocally inter-mated to produce F1 progeny. Use of the two crosses will allow the 
detection of potential maternal or epigenetic effects. RNAseq of immune tissues from 
APEC-infected F1 populations of reciprocal crosses will reveal cis-acting elements 
affecting host resistance. Unique lines such as those needed to initiate this type of study 
exist in the Iowa State University poultry genetics program. The broiler and Fayoumi can 
be reciprocally inter-mated to produce F1 progeny. The F1 can be used to indentify the 
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potential maternal or epigenetic effects. Moreover, the F1 progeny can be inoculated with 
APEC; then immune tissues are collected at different days post-infection. The RNA 
isolated from the immune tissues can be used for RNAseq analysis to identify allele-
specific expression, as well as differential expression associated with APEC challenge.  
   Analyses of gene expression differences associated with infection and pathology helped 
us to comprehensively understand the chicken’s genomic control of responses to systemic 
APEC infection. Moreover, the immunological basis of resistance to systemic APEC 
infection identified in this project will also inform strategies to control colibacillosis in 
other species, where it remains a significant cause of early-life mortality. Further studies 
to identify loci associated with the resistance to APEC infection will be helpful for 
selective breeding by marker-assisted selection or genome-wide selection. Also, 
alternative splicing analysis will provide the landscape of splicing signatures specific to 
primary lymphoid tissues in response to systemic APEC infection. Each of these types of 
information is a building block to increasing the scientific understanding needed to 
enhance animal health. 
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